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The CERN Proton Synchrotron PS2 is one of the foreseen accelerators for the
LHC injector upgrade. This upgrade aims first at increasing the instantaneous
luminosity of LHC and second at providing a reliable beam for the CERN ac-
celerator complex. From this aspect, the main characteristics of the PS2 are
high reliability for high intensity beams.
The goal of this thesis was the design of the machine’s lattice and injec-
tion/extraction systems meeting the constraints coming mainly from the LHC
beam type but also from beam requirements of experiments at PS2 and the
SPS.
In the design, the given energy range together with filling schemes for dif-
ferent beam types and RF cogging were first used to define the circumference
of the machine. Estimates on the space requirements of injection/extraction
systems were made in order to divide the total machine length between arc and
long straight section. Existing tunnels for transfer lines together with the min-
imisation of the total transfer line length favoured a race track shape machine.
The energy range of PS2 does not allow to omit transition crossing by in-
jecting above or extracting below transition. Two significantly different lattice
types were therefore designed, one with a real value of γt and another with neg-
ative momentum compaction (NMC) with imaginary value of γt and thereby no
transition crossing.
In case of the real γt lattice, different cell structures were studied according
to their bending power and optics behaviour. A FODO cell with 90o horizontal
phase advance met the constraints best and was chosen to build a closed lat-
tice. This lattice was optimised to use as few quadrupole families as possible
with a missing magnet scheme chosen to suppress the dispersion in the long
straight section. Concerning transition crossing, longitudinal space charge and
impedance from the existing PS were scaled to the PS2 to estimate the nec-
essary parameters of a γt jump. A first- and second-order jump scheme were
designed and their influence on the bare optics analysed.
The second lattice design approach was the NMC. Here, the dispersion func-
tion is forced to oscillate between negative and positive values and by placing
dipoles mainly in areas of negative dispersion the value of γt can be made imag-
inary. This lattice suffers from complexity in hardware and operation but it has
the big advantage of avoiding transition.
The decision for a 40 MHz RF system which does not impinge on the choice
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of γt simplified designing an NMC lattice that meets the aperture constraints.
Concluding the lattice choice, the NMC is presently the PS2 baseline because
it avoids the complexities of transition crossing and the inevitable beam loss,
which for a high intensity machine is a prime concern.
The second part of this thesis concerns the design of beam transfer sys-
tems. Different beam types necessitate two injection and three extraction sys-
tems. On the basis of the constraints from these systems a concept for the
whole long straight section was chosen. The structure was decided to be a cen-
tral split triplet with two FODO cells attached on each side. This allows to
place the challenging H− injection in one drift and accomodate the other sys-
tems in the FODO cells. Constraints of the different systems were determined
and accordingly the optics was optimised. A resulting concept is given for the
injection/extraction straight which is interchangeable between the two lattice
options.
Kurzfassung
Das CERN Proton Synchrotron 2 (PS2) ist einer der geplanten Beschleuniger
fu¨r die Erneuerung der LHC Injektorkette. Das Hauptziel dabei ist, einerseits
die Erho¨hung der momentanen Luminosita¨t im LHC und andererseits die Sich-
erstellung eines zuverla¨ssigen Betriebs des gesamten Beschleunigerkomplexes.
Das Ziel dieser Dissertation war das Design der Strahloptik des PS2 und die
Integration von Injektions- und Extraktionsystemen, wobei die Anforderungen
an die Strahlqualita¨t in erster Linie vom LHC Strahl aber auch von Experi-
menten am PS2 und Super Proton Synchrotron (SPS) bestimmt wurden.
In der Designphase wurde zuerst der Umfang der Maschine durch den
vorgegebenen Energiebereich, das Fu¨llschema fu¨r den nachfolgenden Beschle-
uniger und die Synchronisation der Hochfrequenzsysteme festgelegt. Anhand
von Abscha¨tzungen fu¨r den Platzaufwand von Strahltransfersystemen wurde
der Umfang in Bereiche fu¨r die Strahlablenkung und gerade Strecken fu¨r die
Beschleunigung und die Injektion/Extraktion unterteilt. Die vorgegebene Ge-
ometrie der CERN Transfertunnel gab den Ausschlag fu¨r eine Rennbahnform
der Maschine mit einer Geraden fu¨r die Beschleunigungssysteme und der an-
deren fu¨r den Strahltransfer.
Die Transitionsenergie des PS2 liegt im vorgegebenen Energiebereich und
ermo¨glicht weder eine Extraktion unterhalb Transition noch eine Injektion
daru¨ber. Deshalb wurden zwei vom Prinzip her verschiedene Optik Varianten
untersucht. Eine Optik wurde mit realem γt erstellt, welche mit einem γt -
Sprungschema ausgestattet ist. Die zweite Variante vermeidet das Queren von
γt mittels einer Strahlfokusierung, die negative Dispersion in den Ablenkdipolen
erzeugt.
Fu¨r die Optik mit realem γt wurden unterschiedliche Zellstrukturen hin-
sichtlich ihrer Ablenksta¨rke und der optischen Eigenschaften untersucht. Eine
FODO Zelle mit 90o Phasenvorschub zeigte das beste Verhalten und wurde de-
shalb ausgewa¨hlt, um eine geschlossene Optik fu¨r das Synchrotron zu erstellen.
Diese Optik ist darauf ausgelegt mit mo¨glichst wenigen Quadrupolfamilien zu
operieren. Zur Dispersionsunterdru¨ckung in den Geraden wurde eine Zelle, die
zur Ha¨lfte mit Dipolen gefu¨llt ist, verwendet. Um die Zeit, die die Teilchen in
der Na¨he der U¨bergangsenergie verbringen, ku¨rzer zu halten als Instabilita¨ten
zur Ausbildung brauchen, wurde ein U¨bergangssprungschema entwickelt. Die
notwendigen Parameter, wie die Sprungho¨he und die Zeit, die Instabilita¨ten zum
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Ausbilden brauchen, wurden vom CERN PS auf das PS2 skaliert. Ausgehend
von diesen Daten konnten zwei Sprungschemata erstellt werden, die hinsichtlich
ihres Einflusses auf die Optik analysiert wurden.
In der zweiten Optik, dem NMC (negative momentum compaction), wird die
Dispersionsfunktion auf eine Oszillation gezwungen die auch negative Werte an-
nimmt. Durch das Platzieren von Dipolen im negativen Dispersionsbereich kann
ein imagina¨rer Wert von γt erreicht und damit das Queren der U¨bergangsenergie
verhindert werden. Diese komplexere Optik verlangt nach einer ho¨heren Anzahl
von Quadrupolfamilien, was sowohl einen Kosten- als auch Operationsnachteil
mit sich bringt. Die Entscheidung fu¨r ein 40 MHz Hochfrequenzsystem ergab
mehr Freiraum in der Wahl des Wertes fu¨r γt , wodurch das Design der NMC
Optik wesentlich erleichtert worden ist und die Aperturbeschra¨nkungen einge-
halten werden konnten.
Das Vermeiden des Querens der U¨bergangssenergie mit den dabei unver-
meidbaren Teilchenverlusten ist fu¨r eine Hochintensita¨tsmaschine von grosser
Bedeutung und deshalb bildet diese Studie die Entscheidungsgrundlage fu¨r die
Wahl der NMC-Optik als momentaner Basis des PS2 Designs.
Der zweite Teil dieser Dissertation beinhaltet die Erstellung eines Konzepts
fu¨r die Injektions- und Extraktionssysteme. Eine Vielzahl von unterschiedlichen
Strahltypen bedingt zwei Injektions- und drei Extraktionssysteme. Auf der
Basis dieser Anforderungen wurde die Optik eines zentralen Triplets mit zwei
FODO Zellen auf beiden Seiten gewa¨hlt. Die lange Driftstrecke im Triplet
erlaubt es, das komplexe H− Injektionssystem ohne Unterbrechung durch
Quadrupole unterzubringen. Die Optik dieser Geraden wurde auf die An-
forderungen der unterschiedlichen Systeme optimiert und ist verwendbar sowohl
fu¨r die FODO- als auch die NMC-Optik der gesamten Maschine.
Chapter 1
Introduction
Accelerators originally were motivated by fundamental science, in particular by
the investigation of matter. At the beginning of the 20th century, Rutherford
bombarded a gold sheet with alpha particles from a radioactive source observ-
ing scattering patterns that sparked interest in studying matter by accelerated
particles as probe. Still, the interest in understanding the fundamental forces in
nature is driving the accelerator development, though, it has been accompanied
by the application of accelerators in medicine and industry. Radiation- and
hadron-therapy in cancer treatment is becoming of high importance and is de-
manding highly stable and reliable beams from accelerators. Further, ion bom-
bardment is widely used in surface analysis and treatment in material industry.
Another growing scientific interest is coming from synchrotron radiation users
spread over all sciences who employ accelerators as microscopes of the highest
at present available resolution.
1.1 LHC Injector Upgrade
The PS2 is one of the foreseen accelerators in the currently ongoing upgrade
of the LHC injector chain which will be explained in the following. The Large
Hadron Collider (LHC) at CERN is a 27 km long collider where two particle
beams travelling in opposite directions are brought to collision at four intersec-
tion points. Four experiments placed at these points will take physics data of
the events happening after the collisions and improve the understanding of the
fundamental laws of nature.
To produce meaningful statistics of these events, dense beams are necessary
which is one of the main characteristics of a collider accelerator. Increasing
the number of collisions per time is highly motivated by experiments, a factor
of 10 increase compared to the nominal design value of the LHC would result
in a 25% wider discovery range of mass and twice higher precision [1]. The
timescale of such an intensity upgrade is determined by the statistical error
which will continuously be reduced in the beginning of the LHC experiments
5
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Figure 1.1: CERN accelerator complex.
but its reduction saturates after a few years of taking data. For the total number
of collisions at the end of the experiments not only the beam intensity counts
but also the reliability of the machines. LHC is fed by four injectors shown in
Fig.1.1. The particle’s journey is starting from a source over a linear accelerator,
LINAC2, which injects into the Proton Synchrotron Booster (PSB). The booster
is built of four rings lying upon each other whose circumferences add up to the
circumference of the next circular accelerator, the Proton Synchrotron (PS). The
PS accelerates the beam further to the Super Proton Synchrotron (SPS) which
is the last injector before LHC. All these machines are aging and therefore they
cannot provide the reliability required to reach the above mentioned number of
collisions.
So one of the upgrade scenarios of LHC includes the replacement of the
injector chain by new accelerators for LINAC2, PSB and PS and renovation
of the SPS. The first accelerator in the new chain, LINAC4 is already under
construction. After this linear accelerator the Superconducting Proton Linac
(SPL) should follow. Both machines accelerate H− ions that will be injected
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than 1/5 of the SPS. For the needs of cogging with 
bunches spaced by 25, 50 or 75 ns, the length of PS2 will 
be precisely 15/77 of the SPS. Because of space charge 
(Eq. 4), the injection energy of protons in PS2 has to be at 
least 4 GeV. For fixed target physics with the SPS, PS2 
will also supply a beam bunched at 40 MHz, although 
within larger transverse emittances. The heavy ion beam 
for LHC will be sent from LEIR to PS2 through the TT2-
TT10 transfer tunnel. Acceleration and beam gymnastics 
in PS2 will require the RF system to operate over the 
frequency range 18-40 MHz. 
Table 2: PS2 characteristics (with respect to the PS). 
 PS2 PS 
Injection energy (kinetic) [GeV] 4 1.4 
Maximum energy (kinetic) 
[GeV] 
50 25 
Cycle time [s] 2.4 2.4 
Nb max for LHC (25ns spacing) 4×1011 1.7×1011 
Nb max for fixed target physics 1.2×1014 3.3×1013 
Maximum energy per pulse [kJ] 1000 70 
Maximum beam power [kW] 400 60 
Circumference [m] 1346 628 
 
The proton beam will be accumulated in PS2 by charge 
exchange injection of H- ions from a Superconducting 
Proton (in fact H-) Linac (SPL) [15]. For the needs of 
LHC and SPS, a Low Power version of the SPL (LPSPL) 
will be built, capable of delivering 20 mA beam current at 
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Figure 6: Present and proposed future accelerators: 
- Linac4: 160 MeV H- linac 
- (LP)SPL: (Low Power) Superconducting Proton 
(H-) Linac (~5 GeV) 
- PS2: new proton synchrotron (~50 GeV) 
- SPS+: superconducting SPS (~1 TeV) 
- SLHC: LHC with luminosity upgrade 
- DLHC: double energy LHC. 
multi-MW beam power and to an energy of 5 GeV at a 
fraction of the cost of a dedicated accelerator (Table 3). 
Table 3: LPSPL and SPL characteristics. 
 LPSPL SPL 
Beam energy (kinetic) [GeV] 4 5 
Cycle time [ms] 500 20 
Beam pulse duration [ms] 1.2 0.4 
Average current during pulse [mA] 20 40 
Nb max for fixed target physics 1.4×1014 1×1014 
Beam power [MW] 0.19 4 
Length [m] 460 535 
Implementation phase 2008-2012 
The low energy front end of the SPL (up to 180 MeV) 
will be using normal conducting accelerating structures. 
The part up to 160 MeV is called Linac4 [16]. Its 
construction has started in January 2008 in view of 
replacing the present Linac2 as injector of the PSB in 
2013, boosting performance for LHC by dividing by two 
the space charge effect at injection in the PSB, reducing 
the filling time of the LHC and increasing the reliability. 
Linac4 will be installed in a new building located where 
the low energy front end of the SPL has to be. It is the 
main improvement of the injector complex that will 
enable it to provide the ultimate beam characteristics to 
the LHC, hence allowing to draw the full benefit from the 
improvements made in the mean-time to the LHC itself 
(see before). 
During the period 2008-2011, the design of the LPSPL, 
of PS2 and of the necessary SPS improvements will be 
studied [17, 18, 19] and critical hardware components 
will be developed (superconducting cavities and 
cryomodule for the LPSPL, tuneable RF cavity for PS2, 
surface treatment of the SPS vacuum chamber to reduce 
secondary electron yield...) in view of submitting 
Technical Design Reports and cost estimates by mid-
2011. During the same period the different possible 
options to increase by a significant factor the integrated 
luminosities (ES, FCC, LPA...) have to be analysed and 
compared in detail. Hardware prototypes should be 
developed and machine experiments made to demonstrate 








Figure 7: Layout of the new injector complex. 
Figure 1.2: LHC upgrade planning. The respective energy range is shown on
the left axis, the year of the machines’ startup is given in parenthesis [2].
via charge exchange into the circular accelerator PS2, the replacement of the 50
years old PS.
These three new accelerators shall provide a reliable beam with twice the
intensity per bunch and twice the injection energy for the SPS. Fig.1.2 shows
the upgrade planning of the LHC injectors.
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Chapter 2
Theoretical Background
One classification of accelerators is effected by distinguishing if particles pass
the machine’s elements only once, as in a linear accelerator or more times, as
in a circular one. This chapter focuses on circular accelerators where particles
are forced on a closed orbit to perform more than one turn around the machine
and gain momentum with each time passing the acceleration system. This
theoretical introduction is mostly based on [3, 4].
2.1 Transverse Dynamics
In accelerator physics a curvilinear coordinate system is used which follows the
reference (closed) orbit of the machine, (see Fig. 2.1). Any point in this system
can be described by ~r = ~r0 + xxˆ + yyˆ where ~r0(s) denotes the reference orbit
with its arc length s. x and y the transversal displacements from this orbit.
To guide the particles around the machine, bending and focusing magnets







(m~v) = e(~v × ~B) (2.1)
with ~p the relativistic momentum, m and ~v its mass and velocity. Hence, a
vertical magnetic field B bends a charged particle in the horizontal plane with a
radius ρ which is called cyclotron motion. A constant radius means the equality









The product Bρ is called magnetic rigidity and gives a measure of the beam’s
stiffness.
9




The guiding and focusing of a charged particle beam in a circular accelerator rely on a
series of magnetic elements, separated by field-free drift spaces, that form the accelerator
lattice.  The design of the lattice is one of the first tasks for the accelerator designer.  One
normally starts with a simplified structure, containing only ideal magnetic dipoles and
quadrupoles.  This basic structure is referred to as the linear lattice and once it has been
determined the character of the machine is more or less fixed.  In a separated function
synchrotron, dipole magnets bend the particles onto circular trajectories and quadrupole
magnets are needed for the focusing of particles with small deviations compared to the
ideal trajectory.  The equilibrium orbit can be defined as the orbit of a particle with the
design momentum p0 that closes upon itself after one turn and is stable.  The motion of a
particle in an accelerator is then conveniently described by the deviations of its trajectory
with respect to this equilibrium orbit.
1.1 Coordinate system
Generally in a synchrotron, there is bending in only one plane referred to as the horizontal
plane which contains the equilibrium orbit.  For a description of particle motion a right-
handed curvilinear coordinate system (x, s, z) following the equilibrium orbit is used.  The
azimuthal coordinate s is directed along the tangent of the orbit.  The radial transverse
direction x is defined as normal to the orbit in the horizontal plane and the vertical
transverse direction is given by the cross product of the unit vectors xˆ  and sˆ .  The
vectors sˆ  and zˆ  then define the vertical plane.  The local radius of curvature U0 and the
bending angle s/U are defined as positive for anticlockwise rotation when viewed from
positive z.  The choice of the coordinate system is shown in Figure 1.1.















Figure 2.1: Curvilinear coordinate system to describe the particle motion in a
synchrotron.
In general, the particles have a deviation in angle and displacement from the
closed orbit which necessitates focusing to avoid a blow-up of the beam. This
is done by quadrupole magnets where the magnetic fields are:
Bx = G · y and By = G · x (2.4)






~∇× ~B = 0 (2.6)







which shows that the forces on a charged particle have opposite signs in the
horizontal and vertical plane, respectively. However, a combination of two lenses
with the same focal length but opposite signs, f1 = −f2, separated by the












This is called alternating gradient or strong focusing and allows to reduce the
required aperture remarkably compared to weak-focusing machines that only
exploit the focusing forces from the dipole field. The naming of quadrupoles
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refers to the horizontal plane, a quadrupole with G < 0 (focusing horizontally) is
called focusing quadrupole and vice versa a quadrupole with G > 0 (defocusing
horizontally) is referred to as defocusing quadrupole.
To deduce the equations of transverse motion for a particle in an accelerator







− k(s))x = 0 (2.9)
y
′′
+ k(s)y = 0. (2.10)
These equations are called Hill’s equations where ρ(s) denotes the local bending
radius and k(s) = GBρ the local focusing strength. Since the quadrupole force
is only depending on the displacement in the respective plane, these equations
are decoupled. The periodic structure of focusing elements in an accelerator
corresponds to a solution of the Hill’s equations which is periodic:
x(s) =
√
β(s) · cos(µ(s) + µ0). (2.11)
In this parametrisation, chosen by Courant and Snyder [5], β is called the beta-
tron amplitude function,  the emittance and µ the phase advance. The phase






This betatron motion causes a transverse oscillation of the on-momentum par-
ticles around the closed orbit. The number of oscillations in one full turn is












Regarding this harmonic oscillation in phase space (x, x′) a constant of mo-
tion is obtained:
const. = γx2 + 2αxx′ + βx′2 (2.14)
with α and γ being the derivatives of β:
α = −1
2




This constant of motion describes an ellipse in phase space. The product of its
halfaxes (area/pi) defines the emittance which can be represented by a single
particle over many turns, so called single particle emittance, or by the beam
where the emittance can be imagined as the beam’s ”temperature”. Since the
the energy of the particles is changing during acceleration, Liouvilles theorem
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Figure 2.2: The product of the half-axes in the transverse phase space defines
the transverse emittance.
of conservation of the phase space density is not directly applicable. The above
defined emittance  has to be normalised by the relativistic factors βrγr:
 → n = βrγr. (2.16)
n is called normalised emittance and independent of the energy sweep in an
accelerator. To calculate the beam size from Eq.(2.11) the geometrical emittance




σ denotes to the rms beam size of a monoenergetic beam.
The theory so far applies to particles travelling with the design momentum,
however, in general there is a relative momentum deviation in the beam. Parti-
cles with different momenta follow different trajectories in a dipole field whose
amplitude is called dispersion. To account for this change in the path length,









where K(s) replaces the factors ( 1ρ(s)2 −k(s)) for the horizontal and k(s) for the
vertical plane. The solution to Eq. 2.18 can be written as
y(s) = yβ(s) + yD(s) =
√
β(s) · cos(µ(s) + µ0) +D(s)δp
p
. (2.19)
D(s) is referred to as the local dispersion function which, multiplied by the
relative momentum deviation, creates an equilibrium orbit displaced from the
central orbit. The betatron motion in the first summand in Eq. (2.19) describes
a superimposed transverse oscillation about this orbit. yD being the particular
2.1. TRANSVERSE DYNAMICS 13








A very useful way to express Hill’s equation is the matrix formalism where
each element in the accelerator is represented by a transfer matrix M that defines


















β the derivative is written as
x′(s) = − A√
β
(α cosµ+ sinµ) +
B√
β
(cosµ− α sinµ) . (2.23)















(cosµ+ α1 sinµ)x1 +
√
β1β2 sinµx′1 (2.25)
x′(s2) = − 1√
β1β2





(cosµ− α2 sinµ)x′1. (2.26)
So the general transfer matrix M(s2|s1) is written as
 √β2β1 (cos ∆µ+ α1 sin ∆µ) √β1β2 sin ∆µ
− 1√
β1β2




(cos ∆µ− α2 sin ∆µ)

(2.27)
with ∆µ = µ(s2) − µ(s1). For a periodic lattice, i.e. a circular machine, the
conditions of periodicity, β1 = β2 = β and α1 = α2 = α reduce the transfer
matrix M for the machine’s period L to:
M =
(
cosµ0 + α sinµ0 β sinµ0
−γ sinµ0 cosµ0 − α sinµ0
)
. (2.28)
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2.2 Longitudinal Dynamics
In a synchrotron, particles follow a closed orbit and are accelerated by radio-
frequency (RF) cavities installed at a straight section in the machine. The
cavities generate time variant, longitudinal electric fields written as:
E(t) = E0 sin
(∫ t
t0
ωRF dτ + Φ0
)
(2.29)
where ωRF is the RF frequency and Φ0 the phase. A particle crossing a gap of





with z being the direction of propagation. Assuming a cavity with maximum






the energy gain becomes
∆E = e VˆRF Ta sin Φ (2.32)
where Ta is called transit time factor which takes into account the missing energy
gain due to the finite velocity of the particles in the sinusoidial electric field [6].





with the RF frequency ωRF , the following condition must be fulfilled:
ωRF = h · ωrev h...integer. (2.34)
The integer h is referred to as the harmonic number which defines the number
of stable RF areas around the ring, the so called RF buckets. These buckets
contain a bunch of particles wherein particles with small deviations in momenta
are longitudinally oscillating about the so called synchronous particle. This
synchronous particle is arriving with a desired phase lag with respect to the
RF phase. The phase lag is chosen such that a particle with lower momentum
is riding up the RF wave and seeing more Voltage in the cavity by arriving
later. Thereby they can catch up with the synchronous particle and overtake
it. Faster particles will arrive earlier and experience less energy gain compared
to the synchronous one. This results in a longitudinal oscillation about the
synchronous particle, the so called synchrotron motion.
However, the above described mechanism holds only for the case where parti-
cles with a positive momentum deviation have also a higher revolution frequency
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compared to the synchronous particle which is the case for non-relativistic en-
ergies. If the particles’ speed approaches the speed of light, an increase in
momentum does not significantly affect the speed of the particles anymore and
there is a case for which all the particles with different momenta have the same
revolution frequency. A further increase in momentum even reverses the sign of
the ratio between the particles revolution frequency and their momentum devia-
tion which means that particles with higher momentum have a lower revolution





and is called the slippage factor. With ∆ωω =
∆β












The second summand in Eq.(2.36) is the relative change of the path length over
the relative momentum deviation, which is called momentum compaction αp.
This is caused by the dipoles of the machine where particles with momentum
error are following different trajectories and therefore their total path length
is deviating from the nominal orbit length. The momentum compaction is a
constant parameter fixed by the lattice properties of the machine. Regarding
Eq.(2.36), it is natural to define an energy representing the border between










γt is referred to as the transition energy for which the above mentioned variation
of the particles’ speed is compensated by the change of the total path length.
16 CHAPTER 2. THEORETICAL BACKGROUND
Chapter 3
Lattice Design Strategy
The lattice of an accelerator comprises the positions and properties of all the
elements guiding the beam or measuring its qualities. In general lattice design
is an iterative process where several optimisation points have to be studied
sequentially. In the following paragraph these points will be shown.
First, the circumference has to be fixed. It is constrained by the range of
energy that has to be covered and if the machine is part of an injector complex
also the filling scheme and civil engineering considerations play an important
role. According to different extraction systems and beam types, filling patterns
have to be studied taking into account rise times of injection and extraction
kickers which results in an optimum length ratio between the machines.
Once the circumference of the machine is fixed by the filling scheme, the
availabe space has to be divided into areas for injection and extraction, accel-
eration and bending of the beam. The total bending length is defined by the
extraction energy and maximum magnetic field in the dipoles. Calculating the
bending radius ρ from the formula of the magnetic rigidity (Eq.2.3) gives the
total bending length:
2piρ = Nl (3.1)
where N denotes the number and l the length of the dipoles. For iron domi-
nated magnets the maximum field is limited by saturation effects to about 1.8 T,
therefore in case of high extraction energies paired with limited space supercon-
ducting magnets may be needed. If both are possible one has to weigh costs for
production and energy consumption as well as maintenance and operational flex-
ibility. For an injector accelerator the choice of the extraction energy is mainly
determined by space charge effects at injection in the succeeding machine.
As soon as the available arc length is decided a cell type needs to be chosen
whereas a cell represents a unit that is repeated over parts of or the whole
accelerator. Mainly three alternating gradient quadrupole cell types are used
in existing hadron accelerators which can be distinguished by their focusing
properties.
The FODO cell stands for focusing element - drift space - defocusing ele-
ment - driftspace, where the drift spaces can be used for bending or correction
17
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elements.
In the doublet structure the focusing elements are placed close together and
the drifts around them are used for other elements. Its optics has large peaks
and steep, asymmetric slopes in the betatron functions.
The triplet structure concentrates all quadrupoles in the center of the cell
and allows to have regions of high phase advance and low beta function which
helps to reduce the aperture in dipoles and consequently to keep cost down.
Apart from the optic behaviour there are more parameters entering the de-
cision for the cell type as the total cell length, the number of necessary orbit
and chromaticity correction elements and the provided bending power per cell.
One must not forget to reserve sufficient space for coil ends between the mag-
nets, vacuum flanges, bellows and beam instrumentation elements. A space
estimation for the beam transfer systems is necessary already at an early stage.
Depending on the machine’s application several injection and extraction systems
are needed in order to digest different types of particles as well as to provide
different types of beams to succeeding machines or experiments. A rough design
- at least concerning space requirements - of these systems should be done at
the stage of deciding between the different cell structures.
The same has to be applied to the acceleration systems, how many types are
needed and how much space is required. As soon as a first iteration on these
requirements is available the shape of the machine can be considered. Several
variants are used for existing circular accelerators as e.g. racetrack, triangular
or circular machines. Four arguments have to be considered in this decision,
firstly, the symmetry of the machines determines the number of systematic
resonance lines in the tune (eigenfrequency) diagram of the machine. A subtle
choice of the shape may help to find reasonable large working areas in the tune
diagram. Secondly, for machines in an existing accelerator complex geometric
constraints given by other machines, transfer lines or experimental areas have to
be taken into account. In particular radioprotection issues may arise for both,
construction and operational phase. Thirdly, the design of transfer lines plays
an important role since in case of certain geometries additional bending areas
might be necessary which would cause a cost increase. Fourthly, a separation of
elements connected to a common unit, e.g. the same power converter, increases
cable length and maintenance time.
As a second iteration step constraints for the optics need to be established.
Depending on the machine’s application it has to be decided if transition can
be crossed or should be avoided. This is strongly dependent on the intensity
regime that should be covered, aperture limitations and the choice of the RF
systems which will be treated in more detail in section 5.3.
Other constraints for the optics will concern the dispersion function and the
phase advance in the injection/extraction and acceleration region. In general
the dispersion has to be suppressed in areas of beam transfer and RF elements.
The design of such a dispersion suppressor depends on the complexity of the
chosen cell structure. In case of an arc built by FODO cells it is sufficient to use
the oscillation of the dispersion function and break its regularity by displacing
dipole magnets in order to achieve zero or low dispersion regions. For more
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complex cells where dispersion and betafunction do not behave regularly and
smoothly, additional degrees of freedom are necessary to force the dispersion
function to the wanted values. This means introducing additional families of
power converters for quadrupoles which increases cost and complexity of the
machine but also enhances its flexibility.
Once a closed solution exists for the optics the working point has to be
chosen, which means that an area in the tune diagram of the machine is chosen
which is sufficiently large and far away from resonance lines to digest tune shifts
and broadenings. All these points like transition crossing, maximum aperture,
phase advance, dispersion and tune of the machine play again a role in the
decision of the cell structure which means that after considering all aspects the
above chosen cell structure might not be appropriate anymore. After converging
to a certain lattice and a first order optics with a chosen working point, several
studies have to be performed to analyse the lattice.
First the lattice needs to be tuned around the working point in order to
show its flexibility while keeping the constraints of the optics, i.e. maxima of
betatron functions and zero dispersion region. The minimum tuning range is on
the one hand defined by different extraction systems where the beam’s frequency
is driven close to resonance lines so as to take advantage of controlled resonance
effects while extracting the beam and on the other hand a large tunability gives
more flexibility to adapt the machine for future upgrades.
Secondly it has to be studied how sensible the beam orbit reacts to errors
in the lattice as misalignments and field errors of magnets. For this purpose
reasonable errors known from experience are introduced in the lattice and dis-
tributed by a Gaussian to make statistics over a certain number of machines.
Special short dipoles in general applied to every quadrupole in the machine are
then separately powered to correct for these errors. From this study one can
obtain the sensitivity to different errors and set field error limits for the magnet
specification.
Another important point of lattice analysis concerns the chromaticity of
the lattice. The effect that particles are focussed differently according to their
momentum gives rise to a tune spread. In order to avoid crossing of non-
linear resonance lines it is required to control this tune spread by correcting the
natural negative chromaticity, however, a spread in revolution frequency has a
stabilizing effect on longitudinal instabilities and that is why a one aims at a
certain non-zero value of chromaticity. Correcting chromaticity is an iterative





may affect higher order terms as well. Finally, tracking studies should be under-
taken to measure the dynamic aperture which defines the largest stable aperture
of the lattice [3].
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Figure 3.1: Lattice design iteration steps.
Chapter 4
PS2 Design Strategy
In this chapter parameter choices for the PS2 are treated that apply to any
lattice variant under study.
4.1 Motivation for the PS2
Running since 1959, the PS is the oldest machine in the existing accelerator
complex at CERN. In the course of an LHC upgrade planning the PS is consid-
ered to be replaced by the PS2, a normal conducting synchrotron with a kinetic
energy range of 4 to 50 GeV compared to the PS with 1.4 to 25 GeV. This is
motivated by the following points.
Firstly, high reliability of the LHC injector chain has to be provided which
cannot be guaranteed by the existing PS, e.g. the main power converter break-
down in 2006.
Secondly, the supply of high-brightness beams is indispensable for reaching
the design goals of LHC. Higher intensities delivered by Linac4 might raise
problems concerning space charge effects and thereby transverse emittance blow
up in the PS. Furthermore, PS2 offers a considerable reduction of the SPS- and
consequently LHC-filling time.
Thirdly, the beam performance for experiments in the energy region of the
PS and SPS can be improved due to almost an order of magnitude higher beam
power provided by the PS2.
4.2 Energy Range
Machines aiming on a high intensity to emittance ratio are confronted with space
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Ntot denotes to the total number of particles, n,y the normalised vertical emit-
tance, β and γ the relativistic factors and Iˆ/I¯ gives the ratio of peak to average
intensity. PS2 has to deliver high intensity beams for fixed target experiments
and the LHC which demands a high ratio of intensity to emittance. If the
PS booster in the existing accelerator complex would be filled from the 50 MeV
Linac with the maximum intensity per pulse the direct space charge tune spread
would yield to roughly 0.6 after RF capture. This would result in an unaccept-
able emittance blow up for certain beam types. Therefore the PS is filled in
two consecutive batches which allows to halve the intensity per pulse in the PS
booster yielding at a ∆Q of roughly 0.3 which causes a more manageable foot-
print in the tune diagram. However, until the arrival of the second batch in the
PS, space charge effects give rise to an emittance blow up in the waiting first
batch. To overcome this problem, the injection energy to the PS was increased
from 1 to 1.4 GeV which has due to the βγ2 factor a strong effect on the space
charge tune spread [7]. The PS2 is roughly two times longer than the present PS
and Linac4 is expected to double the bunch intensity which results for a given
energy in a factor four higher space charge tune spread for the PS2 compared









with Ntot = NbCsb where Nb denotes the bunch intensity, C the circumference
of the machine and sb the bunch spacing. This factor can be compensated by
increasing the injection energy from 1.4 to 4 GeV kinetic proton energy so as
not to exceed a ∆Q of 0.2.
According to the extraction energy of the PS2, space charge at injection in
the SPS is the main issue. The tolerable tune spread caused by space charge
in the SPS is 0.07, however, in the LHC upgrade scenario a bunch intensity
of 5.5 · 1011 with 50 ns bunch spacing would give a tune spread of 0.23. An
injection energy of 50 GeV instead of the present 26 GeV yields at ∆Q = 0.06
for proton beams which is again in the acceptable range. Furthermore due
to the injection energy increase the threshold intensity for TMCI (Transverse
Mode Coupling Instability) is increased by a factor 2.5, the injection plateau
and acceleration time is shortened, the transverse emittance is believed to be
smaller and transition crossing is avoided for all proton and light ion beams [9].
These arguments lead to an PS2 energy range of 4 to 50 GeV for protons.
4.3 Circumference
The circumference of this machine is constrained by three arguments. Firstly,
the extraction energy of 50 GeV together with the maximum field in the normal
conducting magnets of 1.7 T (reserve margin to the saturation limit of 1.8 T)
gives a bending radius ρ of 100 m. Assuming a dipole filling factor (Chapter 5)
close to 50% the total machine radius R is ∼200 m and the circumference ∼1250
m. Secondly, for fixed target experiments the SPS is filled with a high-intensity
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beam. To achieve the desired intensities in the SPS a low loss 5-turn extraction
from the PS2 with complete filling of the SPS is foreseen, see Chapter 8. Thus,
the ideal ratio of PS2 to SPS length is 1:5. Thirdly, in order to synchronize the
two RF systems (RF cogging) an integer ratio between the machines’ harmonic
numbers has to be fulfilled:
n · hPS2 = m · hSPS . (4.3)











which results in 5 times PS2 being slightly shorter than the SPS. With 6911.5
m SPS length the optimum circumference of the PS2 results in 1346.4 m.
4.4 Layout
The PS2 layout (see Fig.4.1) is mostly given by the existing tunnels and the
feasibility of designing transfer lines. In order to use the TT10 tunnel as transfer
line from the PS2 to the SPS without shifting the injection point of the SPS
constrains the extraction straight to be rather parallel to this tunnel. Otherwise
one would have to design a transfer line with a bending section comparable to
an extra arc of the machine. Similar arguments apply to the injection straight of
the PS2. Since the TT10 is the straight connection between the planned Linac
complex to the SPS, the shortest possible transfer line from SPL to PS2 can only
be realized parallel to TT10. Further constraints represent minimum distances
to TT10 and TI2 for radioprotection issues. Hands-on maintenance must not
be constricted in both tunnels for construction as well as operation. All these
points together give favour to a racetrack shaped machine where injection and
extraction can be combined in one straight section aligned parallel to TT10.
However, one has to put up with the loss of the machine’s symmetry lines
compared to an, e.g. triangular shape which would be preferable regarding
systematic resonances.
4.5 Optics Functions and Magnets
A very first design of the lattice together with aperture considerations results
in the following upper limits for the optics functions: 40 m of betafunctions for
dipoles and 60 m for quadrupoles with a horizontal dispersion of 5 m and 6 m,
respectively. To obtain aperture limitations for the magnets, the beam size is
calculated for the largest beam that has to be provided, the high-intensity fixed
target beam with a normalised transverse emittance of 15 µm horizontal and 8
µm vertical. The beam size σ is calculated by:
σ =
√






24 CHAPTER 4. PS2 DESIGN STRATEGY
Figure 4.1: PS2 layout in the existing CERN accelerator complex in the upper
part of the figure. The slope of the accelerator chain from Linac4 over SPL to
PS2 in the lower part.
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where  is the geometric emittance, β the betatron function, D the dispersion
and ∆p/p the relative momentum spread. For aperture considerations the 3 σ
beam size and a closed orbit distortion of 5 mm at the maximum betafunctions
is assumed. For dipoles this adds up to a vertical good field region of 30 mm,
with 5 mm for the vacuum chamber this results in a total gap height of 70 mm
while the gap width is estimated to be three times larger.
For quadrupoles, the horizontal beam size is limiting which gives a good field
region of 51 mm. Adding 10 mm for the chamber gives 61 mm for the minimum
pole radius and additional 30% to account for some margin of the good field
region results in 75 mm pole radius [10].
4.6 Transition Crossing
In case of PS2 it was decided to follow both routes, a lattice with real and one
with imaginary gamma transition value. In parallel two lattice variants are un-
der study, on the one hand a FODO lattice with real gamma transition and a
gamma transition jump scheme and on the other hand an NMC lattice avoid-
ing transition. The following questions have to be considered in this decision:
First, is it feasible to design a lattice with positive dispersion that is not cross-
ing transition, which means that the transition energy is below the injection or
above the extraction energy? Second, which RF systems are planned and how
do they constrain the value of gamma transition, real and imaginary? A given
value of gamma transition determines the optics functions and subsequently the
necessary magnet apertures. Third, to which extent can instabilities evolving
during transition be calculated and outgoing from this point what is the neces-
sary height of the transition jump in order to avoid too many losses by crossing
transition? For this question, experience from crossing transition in the PS al-
lows to scale the instability behaviour to PS2 and define a certain transition
jump height. These questions will be answered in the following chapters 5 and
6, where the two lattice variants under study are presented. A preference will be
given by comparing them regarding operational complexity and expected beam
losses.
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Chapter 5
FODO Lattice
This chapter and the following one will describe in detail the two different ap-
proaches concerning the transition energy for the PS2 lattice. One approach is
building a conventional FODO, doublet or triplet structure where the disper-
sion function is always positive and therefore the value of gamma transition is
real. For this case a transition jump scheme was designed in order to avoid the
evolvement of instabilities while crossing the transition energy.
The second approach was to design a lattice with negative momentum com-
paction (NMC) by forcing the dispersion function integrated over areas of bend-
ing to be negative and thereby avoiding transition.
The first approach with real gamma transition energy and the transition
jump will be treated in this chapter, the NMC approach in the following one.
5.1 Choice of Cell Structure
The lattice study is based on a first design of a FODO lattice with twice the
circumference of the existing PS. The extraction energy of 50 GeV together
with an assumed maximum magnetic field in the dipoles of 1.8 T resulted in a
bending radius of 94 m. This defined the integrated dipole length by
2piρ = Nd · ld (5.1)
where ρ is the bending radius, Nd and ld the number and length of the dipoles,
respectively. A reasonable length of 3 m led to a total number of dipoles of
200 [11]. Moreover, a lattice with 60 cells, so 120 quadrupoles with a maximum
field at the pole tip of 1.2 T was considered. These values gave the basic
parameter for a detailed study of the cell structure. There are three main types
characterized by their focusing properties:
1. The FODO type, (see Fig.5.1), consists of a focusing and a defocusing
quadrupole. In the plots the focusing quadrupoles are shown above the
horizontal axis the defocusing ones below. The elements centered about
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the axis are dipoles. The upper part of the figure shows the betatron
functions βx, βy in both planes. The converse behaviour of βx and βy
is a FODO characteristic and offers good possibilities to place correction
elements in the cell affecting the horizontal and vertical plane separately.
Betatron amplitude functions [m] versus distance [m]
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Betatron amplitude functions [m] versus distance [m]
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Figure 5.1: Optics of a FODO (left) and a doublet cell (right). The top plot
shows the betatron function, solid lines are horizontal and dashed lines vertical
while the lower plot gives the dispersion function in the horizontal plane.
The lower part of the plot shows the dispersion function Dx that is created
by the bending elements.
2. The doublet cell, Fig. 5.1, has a pair of quadrupoles with opposite sign
next to each other. It is characterised by steep, asymmetric slopes in
the betatron function. Adding a second cell shows that large drift sec-
tions between the quadrupoles appear which can be useful for injection
and extraction systems that require a long drift without quadrupoles in
between.
3. A symmetric triplet structure, Fig. 5.2 contains two doublets in a symmet-
ric arrangement which creates symmetric betafunctions. The compared to
the FODO and doublet cells smaller value of βy in the long drift sections
allows to build dipoles with a smaller gap height which keeps cost down.
The different cell types have been compared by the following output values:
• Length of dipoles, ld:
The above mentioned standard number and length of the dipoles, nd,std
and ld,std, respectively, were used to scale the corresponding values for the
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Betatron amplitude functions [m] versus distance [m]
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Figure 5.2: Optics of a symmetric triplet cell.
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different cell types by:
nd = (#arccells− 1) · 2 · nb (5.2)
ld = ld,std · nd,std
nd
(5.3)
where nb denotes the number of dipoles per cell. The summand -1 in the
parenthesis accounts for the dispersion suppressor cells which contain only
half the bending elements. The function of the dispersion suppressor will
be treated in detail in Section 5.2.





The input values lq,std and kq,std are chosen not to exceed a maximum pole
tip field of 1.2 T for a given bore radius. If stronger focusing is required,
the length of the quadrupole is adapted, not the strength.
• Length of cell, lc
• Circumference of the machine, C
• Fill factors (dipoles, dipoles and quadrupoles)
The fill factor is the number of dipoles, or dipoles plus quadrupoles, di-
vided by the circumference.
• Total straight section length
The total straight section renders the length of both insertion straight
sections added.
• Drift space between two succeeding quadrupoles





• Total arc length
• Integrated bending length






lc · ρ (5.6)
• Ratio of dipole length to cell length
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• Momentum for fixed circumference
Inserting the integrated bending length, Eq. (5.1), in Eq. (2.3) gives
p [GeV/c] =
arc length︷ ︸︸ ︷





where the first parenthesis accounts for the length of the cells with bend-
ing, m denotes the number of empty cells and the summand −2 factors
the dispersion suppressor in. This value illustrates the maximum feasible
extraction momentum in dependence of the cell structure.
The tables 5.1-5.4 illustrate the dependance of the above mentioned output
values on different lattice structures.
Comparing the FODO variants shows that a halfcell with two dipoles in-
stead of three increases the fill factor by reducing the number of inter-dipole
spaces. This results in a lattice with higher momentum for fixed circumference
which is a measure of the bending efficiency of a lattice. Obviously the dipole
length increases in case of two dipoles per halfcell compared to three, however,
a length of 3.79 m is still regarded as reasonable. For all FODO variants the
straight section lengths have been fixed to 1.6 m before a quadrupole in order
to place correction elements and beam instrumentation. Roughly half a meter
is foreseen between the dipoles to account for magnet coil ends, bellows and
vacuum elements. The number of empty cells was fixed to seven according to a
first estimate of the injection/extraction concept which is explained in detail in
Chapter 8. Another requirement from the beam transfer concept is the mini-
mum of 10 m between two succeeding quadrupoles which is fulfilled for all these
variants. In case of three dipoles per halfcell the space between quadrupoles in
the empty cells increases and thereby the length of the total straight section.
This reduces issues for the length, strength and rise time of beam transfer kicker
and septa, however, the lower bending power does not allow to reach the fixed
circumference of 1346.4 m imposed mostly by the filling scheme of the SPS and
the RF cogging (see Section 4.3). These facts are illustrated in Fig. 5.3.
An interesting lattice option is presented by the FODO Achromat variant,
the very right column in Table 5.2. In this case, the dispersion is not suppressed
by a missing magnet scheme as in all the other options, but by taking advan-
tage of the resonant behaviour of the dispersion function, (see Section 5.2.1).
By avoiding empty half cells in the arc the achromat provides a lot of space
compared to the variants with a missing magnet dispersion suppressor. The
drawback of this solution is the tunability. Since the phase advance over the arc
is determined by the resonant achromat condition, the tune of the whole machine
can be changed only in the long straight section (LSS). Injection/extraction el-
ements, especially weak elements as the electrostatic septum for the slow 3rd
integer extraction are designed for a fixed phase advance per cell so that their
performance suffers by changing the phase advance in the LSS. These two ar-
guments together, suppressing dispersion in the LSS by fixing the arc phase
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Figure 5.3: Dependence of circumference (left) and cell length (right) on the
number of arc cells and the number of dipoles per half cell.
advance and fixing the LSS phase advance for reasons of injection/extraction
result in a reduced tuning flexibility of the machine.
For the doublet lattice versions it can be seen that they have a roughly 10%
longer circumference caused by a lower bending power. According the free drift
space in empty cells they provide between 16 and 22.5 m compared to 10 to 11.4
m in case of the FODO. This is also reflected in a 10 % increase in the total
straight section. Assuming a fixed circumference, the maximum kinetic energy
is by 12 % lower than in the FODO case.
The difference in bending power is even more significant for the triplet op-
tions. This results in an increase of circumference of 22 % compared to the
FODO and for a fixed circumference roughly 26 % less kinetic energy feasible.
The characteristic difference in the focusing structure, the triplet and doublet
have all the focusing elements concentrated in the cell centre while the FODO
has an even distribution of the quadrupoles, provides similarly to the doublet
also for the triplet long free drift sections of 22.5 m.
Out of this results a cell type choice for designing a lattice was made. The
high bending power and the smooth, periodic behaviour of the betatron function
in case of the FODO half cell with two dipoles and 22 arccells was chosen to
form the arc.
In a first design, the long straight section was built of a FODO structure,
too. Iterations on the injection/extraction concept gave rise to use a combined
cell type for the LSS, a central triplet with two FODO cells on each side (see
Chapter 8).
The optics of the resulting 14-2-22 lattice can be seen in the Figures 5.4 and
5.5. The horizontal betatron function is between 7 and 35 m while the vertical
one oscillates between 10 and 40 m. This difference is caused by the different
tunes chosen for the planes, 14.28 horizontal and 11.62 verrtical tune. The
horizontal tune corresponds to a phase advance of 88.6o per cell meeting the
requirements for the injection/extraction straight. The vertical phase advance
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Cells
number of empty cells (m) 14 14 14
number of dipoles per half cell 2 3 3
number of arc cells 22 22 20
number of 1/4 ring cells 11 11 10
total number of cells 58 58 54
Magnets
standard number of dipoles 212 212 212
standard dipole length m 3 3 3
standard quadrupole length m 1.75 1.75 1.75
standard quadrupole strength m−2 0.094 0.094 0.094
quadrupole strength m−2 0.080 0.080 0.079
Straight Sections
straight section 1 (ss1) m 1.60 1.60 1.60
straight section 2 (ss2) m 0.47 0.47 0.47
straight section 3 (ss3) m ss3 ss3 ss3
Results:
number of dipoles (nd) 168 252 228
number of quads 116 116 108
circumference m 1346.40 1401.27 1389.42
cell length m 23.21 24.16 25.73
fill factor (dipoles) 0.47 0.45 0.46
fill factor (dipoles + quads) 0.60 0.58 0.57
dipole length (scaled) (ld) m 3.79 2.52 2.79
quadrupole length (scaled) (lqu) m 1.49 1.49 1.48
total straight section m 324.99 338.24 360.22
drift space betw. 2 succ. quads m 10.12 10.59 11.39
bending angle (Θ) mrad 37.40 24.93 27.56
total arc length m 1021.41 1063.04 1029.20
2piρ m 627.87 627.87 627.87
cell bending power per cell length mrad/m 3.26 3.14 3.25
ratio dipole length to cell length 0.65 0.63 0.65
p for fixed C GeV/c 54.62 51.67 52.22
Kinetic energy for fixed C GeV 53.69 50.74 51.29
Table 5.1: Comparison of different FODO structures.
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Cells Achromat
number of empty cells (m) 14 14 16
number of dipoles per half cell 3 3 2
number of arc cells 18 16 20
number of 1/4 ring cells 9 8 10
total number of cells 50 46 56
Magnets
standard number of dipoles 212 212 212
standard dipole length m 3 3 3
standard quadrupole length m 1.75 1.75 1.75
standard quadrupole strength m−2 0.094 0.094 0.094
quadrupole strength m−2 0.079 0.079 0.080
Straight Sections
straight section 1 (ss1) m 1.60 1.60 1.60
straight section 2 (ss2) m 0.47 0.47 0.49
straight section 3 (ss3) m ss3 ss3 ss3
Results:
number of dipoles (nd) 204 180 160
number of quads 100 92 112
circumference m 1384.95 1388.89 1346.40
cell length m 27.70 30.19 24.04
fill factor (dipoles) 0.46 0.46 0.47
fill factor (dipoles + quads) 0.57 0.56 0.60
dipole length (scaled) (ld) m 3.12 3.53 3.98
quadrupole length (scaled) (lqu) m 1.48 1.48 1.49
total straight section m 387.79 422.70 384.69
drift space betw. 2 succ. quads m 12.37 13.62 10.53
bending angle (Θ) mrad 30.80 34.91 39.27
total arc length m 997.17 966.18 961.71
2piρ m 627.87 627.87 627.87
cell bending power per cell length mrad/m 3.38 3.51 3.31
ratio dipole length to cell length 0.68 0.70 0.66
p for fixed C GeV/c 52.39 52.06 51.89
Kinetic energy for fixed C 51.46 51.13 50.96
Table 5.2: Comparison of different FODO structures.
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Cells
number of empty cells (m) 12 10 10
number of dipoles per half cell 2 3 2.5
number of arc cells 26 18 20
number of half arc cells 13 9 10
total number of cells 64 46 50
Magnets
standard number of dipoles 212 212 212
standard dipole length m 3 3 3
standard quadrupole length m 1.75 1.75 1.75
standard quadrupole strength −2 0.094 0.094 0.094
quadrupole strength m−2 0.13 0.13 0.13
Straight Sections
straight section 1 (ss1) m 1.2 1.2 1.2
straight section 2 (ss2) m 0.5 0.5 0.5
straight section 3 (ss3) m 1 0.82 0.95
Results:
number of dipoles (nd) 200 204 190
number of quads 128 92 100
circumference m 1437.47 1346.25 1346.36
cell length m 22.46 29.27 26.93
fill factor (dipoles) 0.44 0.47 0.47
fill factor (dipoles + quads) 0.66 0.64 0.65
dipole length (scaled) (ld) m 3.18 3.12 3.35
quadrupole length (scaled) (lqu) m 2.42 2.42 2.42
total straight section m 269.53 292.66 269.27
drift space betw. 2 succ. quads m 16.62 23.61 21.14
bending angle (Θ) mrad 31.42 30.80 33.07
total arc length m 1167.94 1053.59 1077.09
2piρ m 627.87 627.87 627.87
cell bending power per cell length mrad/m 2.83 3.20 3.11
ratio dipole length to cell length 0.57 0.64 0.62
p for fixed C GeV/c 50.19 54.63 54.62
Ekin for fixed C GeV 49.26 53.70 53.70
Table 5.3: Comparison of different doublet structures.
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Cells
number of empty cells (m) 12 12 12
number of dipoles per half cell 3 2 3
number of arc cells 18 26 20
number of half arc cells 9 13 10
total number of cells 48 64 52
Magnets
standard number of dipoles 200 200 200
standard dipole length m 3 3 3
standard quadrupole length m 1.75 1.75 1.75
standard quadrupole strength m−2 0.094 0.094 0.094
quadrupole strength m−2 0.1 0.1 0.1
Straight Sections
straight section 1 (ss1) m 1.2 1.2 1.2
straight section 2 (ss2) m 0.5 0.5 0.5
straight section 3 (ss3) m 1 1 1
Results:
number of dipoles (nd) 204 200 228
number of quads 192 256 208
circumference m 1535.71 1622.20 1567.09
cell length m 31.99 25.35 30.14
fill factor (dipoles) 0.39 0.37 0.38
fill factor (dipoles + quads) 0.62 0.66 0.63
dipole length (scaled) (ld) m 2.94 3.00 2.63
quadrupole length (scaled) (lqu) m 1.86 1.86 1.86
total straight section m 383.93 304.16 361.64
drift space betw. 2 succ. quads m 22.55 15.90 20.69
bending angle (Θ) mrad 30.80 31.42 27.56
total arc length m 1151.78 1318.03 1205.45
2piρ m 627.87 627.87 627.87
cell bending power per cell length mrad/m 2.76 2.37 2.62
ratio dipole length to cell length 0.55 0.47 0.52
p for fixed C GeV/c 42.56 40.32 41.60
Ekin for fixed C GeV 41.64 39.39 40.67
Table 5.4: Comparison of different triplet structures.
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Figure 5.4: Betatron functions of the final 14-2-22 FODO lattice.
Figure 5.5: Dispersion function of the final 14-2-22 FODO lattice.
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per cell of 72.1o was chosen in order to avoid non-linear resonances, (see Section
7.1).
This lattice crosses transition at the value of γ = 11.6. The slight differ-
ence in the vertical betatron function reflects the focussing caused by dipoles
of rectangular shape. There is two choices of dipole shapes, one is completely
rectangular (RBEND) and thereby the beam enters the dipole inclined in the
horizontal plane. The second type of magnets (SBEND) is bent by the same
radius as the bending radius of the machine whereby the beam enters perpen-
dicular to the lamination plates of the magnet. In case of ”‘smaller”’ machines,
that is what PS2 is considered in comparison to LHC, the type of bending mag-
nets influences the focussing properties of the lattice. Considering the bending
to be in the horizontal plane, there is geometric focussing in both cases, RBEND
and SBEND, as can be seen in the 1ρ2 factor of Eq. 2.10. In case of RBEND
magnets particles entering with a larger incidence angle have a longer trajectory
in the magnetic field than particles with a lower angle causing a so called edge
focussing of the beam. Regarding the horizontal plane in an RBEND magnet,
the geometric focussing is exactly compensated by the edge focusing, however,
there remains a edge focusing contribution in the vertical plane.
In case of an SBEND there is geometric focusing in the horizontal but no
focusing in the vertical plane. For the PS2 lattice RBENDS are considered
for reasons of easier production and subsequently lower cost which explains
the slightly higher betatron function in the long straight section (LSS) without
bending magnets in Fig. 5.4. The dispersion function oscillates between 1.2
and 2.3 m in the arc and between -25 and +25 cm in the long straight sections.
The maximum value of the peaks in the arc vary because of the asymmetric
placement of the dipoles in the FODO cell. The behaviour of the dispersion
in the LSS is sensitive to the tune since the dispersion suppressor is of missing
magnet type and thereby satisfying the ideal condition for only one point in
the tune diagram. In this lattice two families of quadrupole power converters
are used, focusing and defocusing, which presents the least possible number and
also a minimum of complexity for such a machine. Increasing the number of
quadrupole families allows to adjust the dispersion suppressor to different tunes.
An example can be seen in Fig. 5.6. Ten quadrupole families are used, two in
the arc, two in the LSS and six families to match the optical functions from arc
to LSS. The phase advance per cell is 89o in both planes.
ev include dpxn/dxn plot to show the oscillation of dx in arc
To get rid of the different peak heights of the dispersion in the arc, a lattice
with symmetric dipole position in the cell was built, see Fig. 5.7. In this case a
perfectly smooth oscillation of the dispersion in the arc is provided.
5.2 Dispersion Suppression
The dispersion must be suppressed to zero or a few tens of cm in regions of
RF and injection/extraction. That is mainly due to the beam size and the
consequential elements’ apertures. In RF cavities the ideal conditions for the
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Figure 5.6: Optics of the FODO lattice with 10 quadrupole power converter
families. There is no difference in the peak heights of the dispersion in the arc
and perfect matching to zero in the LSS while the betatron function oscillates
to slightly higher values in the dispersion suppressor.
Figure 5.7: FODO lattice with symmetric dipole position to provide a smooth
dispersion oscillation.
interaction between beam and electromagnetic field are in the center, also for all
the magnetic elements it is favourable to keep the pole widths small. Dispersion
in RF cavities can also create synchro-betatron coupling resonances if the tunes
behave as:
kQx + lQy +mQs = n. k,l,m,n = integer (5.8)
Qx and Qy are the tunes in the transverse plane, Qs denotes to the synchrotron
tune, i.e. in the longitudinal plane. In the injection/extraction region a process
called painting exacerbates the aperture issues. Painting is used to smear out
the beam over a desired area in phase space, longitudinal or transversal one.
This is done in order to avoid areas of too high or low beam density for space
charge reasons and to shape a desired particle distribution. Longitudinally this
means smearing out the stable RF bucket area, in transverse phase space the
stable area of displacement and divergence of the particles.
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In order to suppress the dispersion from the arc to the long straight sec-
tions (LSS) where RF and injection/extraction are placed, a special cell called
dispersion suppressor is used. Since bending elements do not significantly influ-
ence the focusing properties of the lattice in an alternating gradient machine,
see Eqs. 2.8 and 2.10, there is an elegant solution to suppress the dispersion
without changing the focusing elements. The dispersion function is oscillating
according the cyclic solution of Eq. 2.20. By removing dipoles in the disper-
sion suppressor the oscillation is perturbed and the dispersion is forced down to
zero, Fig.5.8, which is referred to as the missing magnet suppressor. Decreasing
the magnetic field strength leads to the same result but requires another set of
power supplies feeding these magnets.
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Figure 5.8: In the left figure the missing magnet dispersion suppressor is shown.
On the right the dispersion behaviour in phase space is plotted. Dipoles cause
kicks while the effect of quadrupoles is the advance on a circle trajectory. The
bigger circle refers to the dispersion oscillation in the arc, the smaller one to the
dispersion in the long straight section.
It is worth mentioning that by changing the tune of the lattice the suppressor
conditions are not well fulfilled anymore and depending on the tuning dispersion
will increase in the straight section. A reasonable lattice tuning range for PS2
amounts to roughly one integer, reasonable values for the dispersion should not
exceed a few tens of centimeters. To overcome this constraint in tuning flexibility
one may introduce additional families of quadrupole power converters. These
new degrees of freedom allow to keep the zero dispersion condition while tuning
the lattice by adjusting the strength of quadrupoles.
However, additional quadrupole families do not only increase the flexibility
but also the operational complexity and the cost of the machine. That is why a
tradeoff between tunability of the dispersion suppressor and complexity of the
machine has to be found.









βx) comes in handy, Fig. 5.8.
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5.2.1 FODO Achromat
If an array of n identical cells is assumed, the transfer matrix can be written
as [12] :
R =
 a b uc d v
0 0 1
 = ( M ~w0 1
)
(5.9)
with the total transfer matrix T
T =
(




Regarding the dispersive vector ~d
~d =
(
Mn−1 +Mn−2 + ...I
)
~w = (Mn − I) (M − I)−1 ~w (5.11)
one can find the two possibilities to make an array of n cells achromatic. Either
each cell is achromatic, ~w = 0, or the total transfer matrix is the identity matrix,
which is equivalent to the total phase advance being an integer multiple of 2pi.
This means that the phase advance of the arc can be chosen to be a multiple of
2pi and thereby the dispersion suppressor cells are omitted. As a consequence,
the lattice can only be tuned in the long straight sections.
5.3 Transition Jump
5.3.1 Theory
As already adressed in Chapters 2 and 3, particles with different momenta
travel along different paths in a circular accelerator due to the closed orbit
contribution from the dispersion function xD = Dx · ∆pp . The deviation from












which grows with the dispersion function. The momentum compaction factor is
defined as:











with 〈D〉i and Θi denoting the average dispersion function and the bending
angle of the ith dipole for the thin lens approximation. Regarding the relative
















illustrates that the higher ordinary velocity is competing with the longer cir-
cumference caused by the stronger centrifugal force. When the summand ∆v/v
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is dominating, particles with higher momentum go quicker around the machine.
In case of ∆C/C dominating, there is a somewhat paradox situation where the
particles with higher momentum will take longer for one revolution as if the
particles had negative mass. The energy for which the revolution time is in-





Here the particles seem to have infinite mass since pushing a particle forwards
or backwards does not change their longitudinal position relative to the others.
The factor in parenthesis in Eq. 5.14 is called phase slip factor η:








For η being zero, all particles have the same revolution time independent of
their momentum. Comparing two particles with a given difference in energy, the
summand ∆v/v in Eq. 5.14 is only dependent on the energy of the two particles
and defined by relativistic dynamics. For large energies (E >> mc2), ∆v/v is
becoming very small. The summand ∆C/C, however, is also depending on the
focusing properties of the lattice. Turning up the strength of the quadrupoles
and thereby tuning the lattice to a higher tune reduces the difference in the
circumference for the particles with different momenta. So the ordinary velocity
is dominating up to higher energies and the value of γt is bigger. For a regular
FODO lattice a handy estimate of the momentum compaction value can be
found from Eq. 5.13. Calculating the FODO cell in thin lens approximation with
DF and DD the dispersion values in the focusing and defocusing quadrupoles,
respectively, and L and Θ the length and the bending angle of one half-cell gives
for the momentum compaction [4]:






Consequently, for a regular FODO lattice γt is approximately the horizontal
tune Qx.
In particular high intensity machines suffer from two effects while the
bunches are crossing the phase transition. First, bunch length oscillations are
observed, second, there is an increase of the longitudinal emittance.
Radio-Frequency System The Radio-Frequency (RF) system has a longitu-
dinally focusing effect on the particles in a bunch if the phase difference between
the synchronous particle and the RF wave is well chosen. Below transition, the
particles have to ride on the slope right after the crest. This makes faster par-
ticles to see less RF voltage than the synchronous particle and thereby they are
less accelerated. The converse is true for slower particles. Above transition the
∆C
C summand of Eq. 5.14 dominates, so particles pushed forward lag behind the
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undisturbed ones, which is referred to as the negative-mass situation. In this
case the RF phase needs to be shifted by pi/2 to keep the longitudinal focusing.
The phase shift of the RF system has to be timed carefully in order to keep the
same longitudinal emittance. Fig. 5.9 shows the longitudinal phase space ellipse
about transition. While approaching transition the bunch length is shortening
and the momentum spread is increasing. If the RF phase shift is mistimed,
the tilted ellipse will emerge from transition with a wrong orientation as shown
in the right part of Fig. 5.9. The ellipse is overshooting its original position
and a process called filamentation will happen. Filamentation means that non-
linearities in the lattice cause amplitude and frequency dependent forces which
result in smearing out a bigger phase space ellipse, indicated in purple, and thus
an emittance increase [3].
Figure 5.9: Mistiming the RF transition jump. The jump is made too early, the
ellipse overshoots and filamentation occurs [3].
Bunch length Disregarding space charge forces the bunch length gets a mini-
mum at transition since the longitudinal oscillation about the synchronous parti-
cle, the so called synchroton motion, is becoming very small. So even if particles
are pushed forward or backward they are azimuthally not displaced.
Longitudinal space charge forces Space charge forces are always repelling
between particles of the same charge. So, below transition, space charge counter-
acts the RF forces and above transition it enhances the RF forces. This results
in an unsteady equilibrium bunch length behaviour at transition since the bunch
length is due to space charge longer before and shorter above transition than
without space charge. In case of energies well outside the transition region the
conditions in the machine change slowly compared to the synchrotron period,
which allows the bunch to adapt adiabatically. Near transition, the synchrotron
motion is frozen and just above transition the bunch length is still longer than
the true equilibrium length after transition due to space charge. This makes the
bunch reducing its length, overshooting and oscillating about the equilibrium
length [13,14].
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Longitudinal emittance blow-up In the CERN PS a very fast and rather
large longitudinal emittance blow-up is observed. The above mentioned filamen-
tation is a slow process and therefore cannot be the reason. Several effects like
a negative-mass instability [15,16], a spread of γt due to transverse space charge
forces (Umsta¨tter effect) [17, 18], coupling between the beam and the RF cavi-
ties [19], coupling to sextupolar fields for machines with large energy spread at
transition [20], non-linearity of the RF field and coupling between synchrotron
and betatron oscillations [21] are considered to be the most important reasons
for the fast emittance blow-up.
Possible problems caused by the bunch length oscillations and the longitu-
dinal emittance blow-up are:
• Loosing particles out of the RF bucket
• Reduced bunch spacing may reduce possible kicker gaps
• Increased energy spread contributes to transverse beam size and causes
aperture issues
• Bigger beam size exacerbates the situation at critical elements like septa
Cures There are several cures to avoid or reduce the above mentioned issues
at transitions. One possibility is to blow up intentionally the longitudinal emit-
tance already before transition and thereby reduce the longitudinal space charge
forces. For instance, in order to deliver the nTOF (neutron time of flight) beam
in the PS the longitudinal emittance has to be increased to 2.1 eVs at intensities
of 7 · 1012 p/b otherwise the beam is unstable.
Furthermore, the RF shift can be done in steps which [15], however, com-
pounds the negative-mass instability and therefore is not in operation.
Also, the RF system can be matched continuously, so that the acceleration
is kept constant while the RF focusing is adapted such that the sum of the RF
focusing and the space charge force is not altered.
Space charge effects can also be reduced by reactive loading of the vacuum
chamber.
A possibility to reduce bunch length oscillations provides a feedback system.
Thereby a pick-up electrode detects the oscillations and via a feedback allows
the RF system to be adapted. This, however, works only after oscillations have
already been excited and filamentation may already occur.
The most promising cure is to reduce the time to cross transition. Here
the bunches do not have enough time to shorten and consequently space charge
forces get smaller. How to shorten the time in the critical transition area? As
mentioned above the value of γt is a lattice property defined by the focusing
elements of the machine. Thus it is possible to generate a time-dependent γt by
changing the focusing properties of the lattice. Fig. 5.10 shows the behaviour
of γ and γt . The necessary jump height and the time in which the jump has
to be performed as well as effects on the tune and the optics of the machine are
treated in detail in the following sections.
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A summary of the required Δγtr jump for all the beam 
parameters considered is shown in Table 2, based on the 
assumption that the longitudinal and transverse 
impedances in the PS2 are identical to the ones of the PS 
(Zy = 3 MW/m in vertical and Zl/n = 20 W in longitudinal, 
with a resonance frequency near 1 GHz and a quality 
factor of 1). It can be seen that the most critical beam in 
the PS2 is the nTOF (10 MHz) where a transition jump of 
~ -7 is required which is considered to be impossible. 
However, if the vertical impedance could be reduced by a 
factor ~ 6, the required jump is reduced to the SC limit, 
i.e. -1.50, which is considered to be feasible. 
Table 2: Summary of the required Δγtr jump for all the 
beam parameters considered. 
 PS PS2 





















Tc [ms] 1.86 4.29 2.97 2.97 1.59 1.59 1.27 1.27 
SC imp. [W] 19.9 5.36 5.36 6.62 6.62 5.36 5.36 6.62 
DgtSC(x =-2) -0.65 -1.50 -0.88 -0.77 -0.43 -0.39 -0.50 -0.33 
Dgttotal -1.35 -6.85 -2.91 -2.44 -1.41 -1.36 -2.68 -0.95 
JUMP SCHEME REQUIREMENTS 
As seen from table 2 a jump height Δγtr of 1.5 within a 
time Δttr of 500 μs is required if the vertical impedance is 







Figure 2: Transition jump schematically. 
 
Since PS2 is foreseen for the LHC upgrade as a high 
intensity machine, distortion of the optics functions which 
leads subsequently to enlarged beam apertures has to be 
minimised. 
FIRST ORDER JUMP SCHEME 
Dispersion-free long straight sections and a horizontal 
phase advance of ~90˚ per cell facilitate the 
implementation of a first order jump scheme, i.e. the lens 
strength contributes linearly to the change of gamma 
transition. This was derived by Risselada and gives in 
first order [7]: 
( ) ∑ ⋅⋅=Δ
i
iitrtr DKC
23 2/γγ  
Fig. 3 shows a jump scheme with 20 lenses per arc to 
perform the jump and 8 lenses in the long straight section 




Each jump quadrupole launches a betatron perturbation 
wave which is compensated by the succeeding 
quadrupole, separated by 90˚ in phase. Since the phase of 
the betatron perturbation wave propagates twice as fast as 
that of the dispersion, a dispersion bump is created (Fig. 
3) and γtr is changed. 
The maximum strength of the jump elements amounts to 
0.01 m-2 for the normalised gradient. Assuming thin 
laminated magnets with a length of 25 cm, this 
corresponds to a pole tip field of 0.13 T. In total 56 





































































































Figure 4: 1st order scheme: The upper plot shows the 
change in γtr and the tune shift, the lower plot the optics 





8 compensation QFs per LSS 
(in total 16)





Figure 3: 1st order jump scheme 
Figure 5.10: Transition jump schematically. γt is changed by the focusing of ad-
ditional quadrupoles in the transition area to reduce the time where instabilities
can evolve.
5.3.2 Requirements on Jump Height and Jump Time from
Instabilities
γt jump in the PS
Without γt jump the transition crossing speed in the PS is dγtdt = 49.9s
−1,
whereas in the presence of the γt jump the effective speed becomes
dγeff
dt ≈
50 · dγtdt . The total height of the jump, see ∆γt in Fig. 5.10, is ∆γt =-1.24 and
the time needed to perfom the jump is ∆tjump = 500µs [22]. In the following
these values are scaled from the PS to the PS2.
Beam Dynamics with Collective Effects
In the pres nce of collective effects the required amplitude of the jump can
be deducted from Fig. 5.16, where the evolution of the bunch length near
transition for the PS nTOF bunch (2 eVs) is depicted, taking into account only
the longitudinal space charge (SC). The oscillation of the bunch length after
the transition crossing comes from the longitudinal mis-match at transition,
which is a consequence of the fact that the longitudinal SC is defocusing below
transition and focusing above transition. Fig. 5.12 shows an example of a
measured bunch length oscillation in the CERN PS. The idea of the γt jump
is to rapidly switch from a certain bunch length below transition to the same
bunch length above [13]. The minimum (starting at x = 0) jump required is
-0.37. However, at transition the longitudinal phase space ellipse is tilted [23].
Thus, to avoid an emittance blow-up, one should start the jump at x = - 2,
which in this case leads to a larger jump, i.e. -0.72. Taking into account the
longitudinal and transverse impedances (leading to longitudinal and transverse
microwave instabilities) [24,25], the requirement is even more stringent and leads
to a γt total = −1.58. Fig. 5.16 indicates why an asymmetric jump, proposed
already a long time ago [13], obviates the oscillations.
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PS PS2
nTOF
nTOF FT LHC25 nTOF FT LHC
10 10 10 20 40 20
MHz MHz MHz MHz MHz MHz
R [m] 100 214.3
ρ [m] 70 100
Bdot [T/s] 2.2 1.5
VRF [kV] 200 500 500 500 1500 1500 1500
h 8 15 45 45 90 180 180
αp 0.027 0.0076
L [eVs] 2.3 2.5 1.5 1.5 1.5 0.4 0.6
Nb [1010 p/b] 800 1000 320 170 160 80 42
∗ [mm] 5 6 6 2.5 6 6 2.5
< β > [mm] 16a 15a
Pipe [cm2] 3.5 x 7 3.5 x 7
QT 6.25 11.25b
Table 5.5: Machine and beam parameters for the PS and PS2. For PS2 two
RF systems are under study, 10 and 40 MHz. a: R/QT , b: Assumption: QT ∼
γt =1/sqrtαp = 11.47
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Figure 5.11: Evolution of the bunch length near transition for the PS nTOF
bunch with the longitudinal emittanc of 2 eVs taking into account only the
longitudinal space charge. Tc denotes to the nonadiabatic time, numerical values
are given in Table 5.3.2.



















Figure 5: Comparison between the bunch length simulated
with HEADTAIL with an intensity of 1 · 1012 protons with
the one computed with analytical formulas for a broad band
impedance.
charge and with the broad band impedance computed with
analytical formulas are compared for an intensity beam of
1 · 1012 protons. A compensation of the collectives effects
can be expected by making a simulation including both ef-
fects but it has to be checked.



















Figure 6: Comparison of the cases with space charge and
broad band impedance with analytical formulas for a beam
of 1 · 1012 protons
Since the space charge forces are mainly energy and in-
tensity dependent (KSC ∝ 1/γ2 and Nb), this means that
the bunch length oscillations due to space charge could be
canceled by increasing the broad band impedance if the
bunch length in the measurements is oscillating. By com-
paring with simulations, it will determine the effect which
drives the present longitudinal beam behaviour in the PS.
As an example, in Fig. 7, the measured bunch length of a
nToF beam through transition at an intensity of 3.5 · 1012
protons with the gamma jump is plotted. Notice the con-
stant part before transition and the oscillations due the bro-
ken symmetry of the bunch length with respect to transition
time.
CONCLUSIONS AND OUTLOOKS
The measurements made in the PS with the nToF beam
show a mismatch at the transition for the bunch length,
inducing oscillations. Since good agreements have been














Figure 7: Bunch length measurement of a nToF beam
with an intensity of 3.5 · 1012 protons through transition
(ttransition ≈ 318 ms).
found between HEADTAIL simulations and analytical for-
mulas, the gamma jump can be implemented in the code
to predict the beam behaviour for different settings of the
scheme. The case space charge and broad band impedance
together is still under study. With these results, it will
be possible to check if a compensation of the two effects
can be done. By adding the gamma jump to the code
will allow to fit the measurements and deduce the machine
impedance. The following of this study will be to measure
the longitudinal microwave instability, but also transverse
mechanims which perturbs the transition crossing. Some
improvements in the simulation are planned, like to find a
better beam to bucket matching to avoid residual oscilla-
tions observed below the transition crossing.
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Figure 5.12: Bunch length measurement of the nToF beam with an intensity of
3.5·1012 protons through transition (ttr ∼ 318ms).
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PS PS2
nTOF
nTOF FT LHC25 nTOF FT LHC
10 10 10 20 40 40
MHz MHz MHz MHz MHz MHz
Tc [ms] 1.86 4.29 2.97 2.97 1.59 1.27 1.27
SC imp. [W] 19.9 5.36 5.36 6.62 5.36 5.36 6.62
∆γt SC(x=-2) -0.65 -1.5 -0.88 -0.77 -0.39 -0.5 -0.33
∆γt,total -1.35 -6.85 -2.91 -2.44 -1.36 -2.68 -0.95
Table 5.6: Summary of the jump heights required for all the beam parameters
considered.
A summary of the required γt jump for all the beam parameters considered
is shown in Table 5.3.2, based on the assumption that the longitudinal and
transverse impedances in the PS2 are identical to the ones of the PS (Zy = 3
MW/m in vertical and Zl/n = 20 W in longitudinal, with a resonance frequency
near 1 GHz and a quality factor of 1). It can be seen that the most critical beam
in the PS2 is the nTOF (10 MHz) where a transition jump of ∼ −7 is required
which is considered to be impossible. However, if the vertical impedance could
be reduced by a factor ∼ 6, the required jump is reduced to the SC limit, i.e.
-1.50, which is considered to be feasible.
As seen from table 2 a jump height γt of 1.5 within a time ∆ttr of 500 µs is
required if the vertical impedance is reduced by a factor ∼ 6 for the PS2. Since
PS2 is foreseen for the LHC upgrade as a high intensity machine, distortion of
the optics functions which leads subsequently to enlarged beam apertures has
to be minimised.
5.3.3 PS2 Jump
First order jump scheme
Dispersion-free long straight sections and a horizontal phase advance of ∼ 90◦
per cell facilitate the implementation of a first order jump scheme, i.e. the
lens strength contributes linearly to the change of gamma transition. This was








where Ki denotes to the integrated quadrupole strength [m−1]. Fig. 5.13 shows
a jump scheme with 20 lenses per arc to perform the jump and 8 lenses in the
long straight section to compensate the tune shift.
Each jump quadrupole launches a betatron perturbation wave which is com-
pensated by the succeeding quadrupole, separated by 90◦ in phase. Since the
phase of the betatron perturbation wave propagates twice as fast as that of the
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Figure 5.13: 1st order jump scheme. 20 jump quadrupoles are installed in the
arcs in quadruplets powered with opposite polarity to create closed dispersion
bumps. The effect of the quadruplets on the dispersion and betatron function is
illustrated in the sketch. The LSS houses 8 quadrupoles in order to compensate
the tune shift.
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dispersion, a dispersion bump is created, Fig. 5.13, and γt is changed. The
maximum strength of the jump elements amounts to 0.01 m−2 for the nor-
malised gradient. Assuming thin laminated magnets with a length of 25 cm,
this corresponds to a pole tip field of 0.13 T. In total 56 magnets are necessary.
 
Figure 1: Evolution of the bunch length near transition for 
the PS nTOF bunch (2 eVs) taking into account only the 
longitudinal SC. Tc denotes to the nonadiabatic time 
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Figure 4: 1st order scheme: The upper plot shows the 
change in γtr and the tune shift, the lower plot the optics 
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perform the jump and 8 lenses in the long straight section 
to compensate the tune shift.  
 
y 90˚ in phase. Since the phase of 
 
ical beam in 
ance could be reduc d by a 
facto ~ 6, t equired jump is red  to the SC limit, 
i.e. -1 0, w e
Table 2: Summa d j
be m  .
the PS2 is the nTOF (10 MHz) where a transition jump of 
~ -7 is required which is considered to be impossible. 
However, if the vertical imped
r he r uced
.5 hich is consider d to be feasible. 
ry of the require  Δγtr ump for all the 
am para eters considered  
 PS PS2 



















Tc [ 1.27ms] 1.86 4.29 2.97 2.97 1.59 1.59 1.27 
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JUMP SCHEME REQUIREMENTS 
As seen from table 2 a jump height Δγtr of 1.5 within a 
time Δttr of 500 μs is required if the vertical impedance is 
reduced by a factor ~6 for the PS2. Fig. 2 shows a 
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Figure 4: 1st order scheme: The upper plot shows the 
change in γtr and the tune shift, the lower plot the optics 












Figure 3 s: 1 t order jump scheme 
Figure 5.14: 1st order scheme: The left plot shows the change in ∆γt and the
tune shift, the right plot the optics behaviour as a fu tion of the lens strength.
Second order jump scheme
A second order jump scheme on the basis of the CERN PS scheme has also
been considered. In this case the lens strength ki contributes quadratically to
the change of gamma transition. Hence, two separate lens arrays are used to
obtain a jump for both, positive and negative values in ∆γt .
Fig. 5.15 shows all the focusing quadrupoles of the arc. All doublet lenses are
oppositely excited in order to fulfil the zero tune-shift condition. The doublet
array indicated in purple achieves a positive ∆γt whereas the green one with
alternating excitation of the doublets gives a negative jump. Calculations of
SECOND ORDER JUMP SCHEME 
A second order jump scheme n the basis of the CERN 
PS scheme has also been considered. In this case the lens 
st ength ki co tribu es quadratically to the change of 
gamma transition. Hence, two separate lens arrays are 
used to obtain a jump for both, positive and negative 
values in Δγtr. 
 
Fig. 5 shows all the focusing quadrupoles of the arc. All 
doublet lenses are oppositely excited in order to fulfil the 
zero tune-shift condition. The doublet array indicated in 
purple achieves a positive Δγtr whereas the green one with 
alternating excitation of the doublets gives a negative 
jump. Calculations of Schönauer [8] result in 
( )θψγ cot2065.0 2 ⋅⋅⋅−=Δ Mtr  
for the positive and in  
( ) ( )[ ]θψγ tan12065.0 2 ⋅−⋅⋅−=Δ Mtr  
for the negative jump where ψ denotes to β0i·∫kidl, M 
gives the number of doublet arrays and θ equals πQ/M. 
Fig. 6 shows the change in gamma transition, the tune-
shift and the effect on the optics for a given lens-strength. 
CONCLUSION 
Transition crossing with a γtr jump looks possible in the 
PS2 for the densities foreseen with the high-intensity 
fixed-target and LHC beams. It its more difficult for the 
present nTOF bunch (10 MHz option) where a strong 
reduction of the Broad-Band (BB) impedance (which 
might be challenging) is necessary to keep the required γtr 
jump below ~ -2. Further improvement of the longitudinal 
density beyond that of nTOF seems excluded. Concerning 
the time required to perform the jump in the PS2, both, 
the vertical microwave (BB) instability rise-times and the 
longitudinal negative-mass (SC) instability rise-times are 
larger in the PS2 compared to the present PS. This means 
that the time Dtjump needed to perform the γtr jump of the 
present PS (i.e. ~ 500 ms) should be sufficient for the PS2. 
Since the betatron function is only locally perturbed in 
the 1st order jump scheme, the effect on the betatron and 
dispersion functions is smaller than for the 2nd order 
scheme and thus the 1st order scheme is preferred. With a 
limit of 60 m for the betatron functions and 4 m for the 
dispersion function, compared to βxmax = 40 m and 
Dxmax = 2.5 m for the unperturbed lattice, a γtr jump of 
1.5 can be performed with a tune-shift below a few 10-3. 
Larger jumps up to ~3 are possible with increased 
distortion of the optics. 
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Figure 6: 2nd order jump scheme:  Δγtr and ΔQ in the 
upper plot, the optics behaviour in the lower one as a 




Figure 5: 2nd order jump scheme 
Figure 5.15: Lens arrays for the second order jump scheme with arrows indicat-
ing the polarity of the quadrupoles.
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Schoenauer [27] result in
∆γt = −0.065 · ψ2 · 2M · cot(Θ) (5.19)
for the positive and in
∆γt = −0.065 · ψ2 · [2(M − 1) · tan(Θ)] (5.20)
for the negative jump where ψ denotes to β0i ·
∫
kidl, M gives the number
of doublet arrays and Θ equals piQM . Fig. 5.16 shows the change in gamma
transition, the tune-shift and the effect on the optics for a given lens-strength.
As a concluding remark, transition crossing with a γt jump looks possible
in the PS2 for the densities foreseen with the high-intensity fixed-target and
LHC beams. It its more difficult for the present nTOF bunch (10 MHz option)
where a strong reduction of the Broad-Band (BB) impedance (which might be
challenging) is necessary to keep the required γt jump below ∼ −2. Further
improvement of the longitudinal density beyond that of nTOF seems excluded.
Concerning the time required to perform the jump in the PS2, both, the vertical
microwave (BB) instability rise-times and the longitudinal negative-mass (SC)
instability rise-times are larger in the PS2 compared to the present PS. This
means that the time ∆t jump needed to perform the γt jump of the present PS
(i.e. ∼ 500µs) should be sufficient for the PS2. Since the betatron function is
only locally perturbed in the first order jump scheme, the effect on the betatron
and dispersion functions is smaller than for the second order scheme and thus
the first order scheme is preferred. With a limit of 60 m for the betatron
functions and 4 m for the dispersion function, compared to βx,max = 40m and
Dx,max = 2.5m for the unperturbed lattice, a γt jump of 1.5 can be performed
with a tune-shift below a few 10−3. Larger jumps up to ∼ 3 are possible with
increased distortion of the optics.
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SECOND ORDER JUMP SCHEME 
A second order jump scheme on the basis of the CERN 
PS scheme has also been considered. In this case the lens 
strength ki contributes quadratically to the change of 
gamma transition. Hence, two separate lens arrays are 
used to obtain a jump for both, positive and negative 
values in Δγtr. 
 
Fig. 5 shows all the focusing quadrupoles of the arc. All 
doublet lenses are oppositely excited in order to fulfil the 
zero tune-shift condition. The doublet array indicated in 
purple achieves a positive Δγtr whereas the green one with 
alternating excitation of the doublets gives a negative 
jump. Calculations of Schönauer [8] result in 
( )θψγ cot2065.0 2 ⋅⋅⋅−=Δ Mtr  
for the positive and in  
( ) ( )[ ]θψγ tan12065.0 2 ⋅−⋅⋅−=Δ Mtr  
for the negative jump where ψ denotes to β0i·∫kidl, M 
gives the number of doublet arrays and θ equals πQ/M. 
Fig. 6 shows the change in gamma transition, the tune-
shift and the effect on the optics for a given lens-strength. 
CONCLUSION 
Transition crossing with a γtr jump looks possible in the 
PS2 for the densities foreseen with the high-intensity 
fixed-target and LHC beams. It its more difficult for the 
present nTOF bunch (10 MHz option) where a strong 
reduction of the Broad-Band (BB) impedance (which 
might be challenging) is necessary to keep the required γtr 
jump below ~ -2. Further improvement of the longitudinal 
density beyond that of nTOF seems excluded. Concerning 
the time required to perform the jump in the PS2, both, 
the vertical microwave (BB) instability rise-times and the 
longitudinal negative-mass (SC) instability rise-times are 
larger in the PS2 compared to the present PS. This means 
that the time Dtjump needed to perform the γtr jump of the 
present PS (i.e. ~ 500 ms) should be sufficient for the PS2. 
Since the betatron function is only locally perturbed in 
the 1st order jump scheme, the effect on the betatron and 
dispersion functions is smaller than for the 2nd order 
scheme and thus the 1st order scheme is preferred. With a 
limit of 60 m for the betatron functions and 4 m for the 
dispersion function, compared to βxmax = 40 m and 
Dxmax = 2.5 m for the unperturbed lattice, a γtr jump of 
1.5 can be performed with a tune-shift below a few 10-3. 
Larger jumps up to ~3 are possible with increased 
distortion of the optics. 
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Figure 6: 2nd order jump scheme:  Δγtr and ΔQ in the 
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Fi ure 5.16 Second ord jump scheme: ∆γt and ∆Q in the upper plot, th





Crossing transition in an accelerator is a quite intricate process in particular in
case of high-intensity machines, see Section 5.3. If the energy range cannot be
arranged to be below or above the transition energy there is still the possibility
to design a lattice with negative momentum compaction factor αc and thereby
an imaginary value of γt . By this the transition crossing is avoided together
with the necessary RF phase shift and the γt -jump. To achieve a negative
momentum compaction the dispersion integrated over areas of bending has to
be negative. There are several approaches, e.g. installing reverse bends proposed
by Vladimirskij and Tarasov [28] or creating a systematic closed-orbit stopband
close to the betatron tune [29]. Recent negative momentum compaction (NMC)
lattices are based on a modular approach [30]. This approach was chosen to
design an NMC lattice for PS2 and is described in the following sections.
6.2 PS2 Lattice Constraints
As a starting point for the lattice design the constraints need to be listed. For
different lattice types, e.g. FODO and NMC, there can be differences for some
constraints due to the fact that e.g. orbit and chromaticity correction need to
be designed differently because of the certain optics for different lattices. Also
for the general drift space allocation FODO and NMC diverge since the NMC
lattices have to reserve a lot of space for focussing elements in order to force the
momentum compaction factor to negative values.
In Table 6.1, these optics constraints are listed.
The injection energy is defined by the maximum acceptable tune shift from
incoherent space charge forces, ∆Qsc ∝ Nbnβγ2Bf < 0.2. The extraction energy
53
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Parameters
Injection kinetic energy [GeV] 4
Extraction kinetic energy [GeV] 50
Circumference [m] 1346.4
Transition energy [GeV] imaginary, adjustable
Dipole function type separated
Dipole length [m] 3 to 4
Maximum bending field [T] 1.7
Maximum quadrupole gradient [T/m] 18
Maximum beta functions [m] 60
Maximum dispersion function [m] 6
Minimum drift space for dipoles [m] 0.6
Minimum drift space for quads [m] 1.2
Layout Racetrack
Maximum arc length [m] ∼510
Table 6.1: Optics constraints for designing the NMC lattice.
is chosen to improve the SPS performance and the resulting circumference of
roughly two times the PS length is defined to the exact value of 1346.4 m by
the SPS filling scheme. There is no hard constraint on the value of γt in case of
a 40 MHz RF system which is considered for the moment, compared to the case
of copying the PS RF system which necessitates rather low γt values of ∼10i.
Operational flexibility demand a separation of bending and focussing elements in
the machine while the existing PS has combined function magnets. Reasonable
cost in production, transport and installation result in a dipole length of 3 -
4 m. The choice of normal conduction magnets limits the maximum field due
to saturation in dipoles to 1.7 T and the maximum field at the pole tip in
quadrupoles to 1.2 T wich corresponds to a gradient of 17 T/m. The maximum
acceptable beam size for the high intensity SPS physics beam which has the
biggest emittance among the beam types provided by PS2 defines the betatron
function to a maximum value of 60 m and the dispersion to a maximum of 6 m.
The minimum drift space between dipoles accounts for the space needed for coils,
vacuum elements, instrumentation and fringe field overlap. The space reserved
next to quadrupoles takes into account for elements not regarded in the first
iteration of lattice design, so to speak orbit correctors, beam position monitors,
sextupoles, octupoles, vacuum elements and instrumentation. The maximum
length for the arc is defined by the minimum length needed for injection and
extraction systems, collimation and RF systems in the long straight sections.
6.3. PS2 NMC LATTICE 55
Figure 6.1: Two options for the NMC basic module. Quadrupoles are in blue
and dipoles in green.
6.3 PS2 NMC Lattice
The basic module consists of a split triplet in the center with a FODO cell at-
tached on each side. There were several variants under study of which two made
it to the last round. Fig. 6.1 shows the two options schematically, quadrupoles
in blue and dipoles in green. The names 5-3-1 and 6-2-2 NMC stand for: num-
ber of modules in one arc - number of dipoles per FODO halfcell - number of
dipoles in the center. In Figures 6.2 and 6.3 the modular approach for NMC
Figure 6.2: Optics of the basic module and the suppressor of the 531 NMC
lattice. The horizontal length of the bars representing the magnets indicate
their optical length while the vertical extension shows their strength.
lattices re-introduced by Trbojevic et al. [30] is shown. The dispersion function
is prescribed such as to obtain a lattice with a desired γt value. In case of the
531 module the absolute value of the dispersion function reaches maxima of ∼
3 m while in case of the 622 already 4.5 m are necessary to attain a overall
dispersion integrated over the area of bends less than zero. The reason for the
big difference in the prescribed dispersion is that the 622 module has two bends




β ) to a large value of the horizontal phase advance since there
56 CHAPTER 6. NEGATIVE MOMENTUM COMPACTION LATTICE
Figure 6.3: Optics of the 622 standard module and suppressor.
the dispersion reaches the positive peaks of its oscillation. Ideally, in this area
there should not be dipoles since the contribute to positive values of the inte-
grated dispersion. The 531 module houses most of its bends in the FODO cells
reducing thereby the maximum values of the dispersion. Regarding the vertical
betatron funciton the 622 module is advantageous because the maximum βy
amounts to ∼35 m which is important for reducing the gap height of the dipoles
in order to keep cost down. These arguments were taken to iterate the 531
design with the aim of pushing down the vertical beta function.
Figure 6.4: Optics of the 531 module with reduced vertical betatron function in
the dipoles.
Fig. 6.4 shows the result of pushing down the vertical betatron function βy
by ∼ 10 m. This was achieved by increasing the vertical tune from 7.3 to 8.3
while the horizontal tune of 13.2 was kept the same, see Table 6.2. Changing
the vertical tune has a small effect also on the horizontal betatron function, its
maximum rised by two meters. The maximum dispersion and γt are changed
very sligthly. Regarding the magnet specifications in Table 6.2 the integrated
quadrupole strength
∫
k · dl is higher in case of the 622 module due to the larger
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531-NMC 531-red 622-NMC
Qx/Qy 13.2/7.3 13.2/8.3 17.2/13.3
Max. βx/βy [m] 57.8/59.4 59.7/50.4 52.4/50.4
Max. dispersion [m] 3.2 3.3 4.5∫
k · dl [m−1] 15.5 15.7 17.8
γt 25.1i 26.2i 35.4i
# quad lengths (arc) 3 3 3
# quad power c. (arc) 4+7 4+7 4+7
# dipoles 166 166 148
Dipole length [m] 3.783 3.783 4.1
Dipole field [T] 1.7 1.7 1.76
Tuning range 0.1 0.49 0.0-0.49 0.1 0.43
Table 6.2: Comparison of the three options under study.
excursions needed for the dispersion oscillation. The number of quadrupole
families (production units) and quadrupole power converter families are the
same for all options. The dipole filling factor is slightly smaller for the 622
variant which necessitated to increase the dipole field to 1.76 T leaving less
margin to the saturation limit.
From these variants the 531 module with the reduced vertical betatron func-
tion was decided to meet best the requirements and constraints for PS2. As can
be seen from Figures 6.2- 6.4, the suppressors were designed to connect the arc
module to the long straight section with its optics constraints, see chapter 8.
The main requirement is to suppress the dispersion and its derivative to zero at
the entrance of the two LSS. The values of the betatron function βx and βy have
to be matched to the LSS values, too. However, these provide some freedom
in the design because the LSS optics can also be adapted within a reasonable
variance. Their derivatives αx and αy are matched strictly to be zero since the
arc LSS inter-connection is in the middle of quadrupoles. All together there are
six constraints to fulfill with the additional restriction of designing the shortest
suppressor as possible. Furthermore, a minimum number of bends has to be
housed by the suppressor to reach the required bending radius of the machine.
The consequent lack of moving quadrupoles and dipoles in the suppressor re-
sulted in six independent quadrupole strengthes in order to meet the optics
constraints.
For a first estimate the suppressors were designed respecting the maximum
values allowed for the optics functions to get an overall feeling for the machine’s
performance, e.g. the global parameters as γt , tune and chromaticity. There
was only little effort in optimising the suppressor itself.
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After comparing the various options described above and deciding for the
preferred 531 solution, the suppressor was analysed in detail and some obstacles
like quadrupoles changing their sign within the tuning range were removed. The
final solution is shown in Fig. 6.5.
LINEAR OPTICS DESIGN OF NEGATIVE MOMENTUM COMPACTION
LATTICES FOR PS2
Y. Papaphilippou, J. Barrango, W. Bartmann, M. Benedikt, C. Carli, B. Goddard
CERN, Geneva, Switzerland,
R. de Maria, S. Peggs, D. Trbojevic, Brookhaven National Laboratory, Upton, NY, USA
Abstract
In view of the CERN Proton Synchrotron proposed re-
placement with a new ring (PS2), a detailed optics design
has been undertaken following the evaluation of several lat-
tice options. The basic arc module consists of cells provid-
ing negative momentum compaction. The straight section
is formed with a combination of FODO and quadrupole
triplet cells, to accommodate the injection and extraction
systems, in particular the H- injection elements. The arc is
matched to the straight section with a dispersion suppres-
sor and matching module. Different lattices are compared
with respect to their linear optics functions, tuning flexibil-
ity and geometrical acceptance properties.
LATTICE DESIGN CONSTRAINTS
The upgrade strategy of the Large Hadron Collider
(LHC) [1] is heavily based on the renewal of the CERN
injector complex including the replacement of the old Pro-
ton Synchrotron (PS) with a new ring (PS2). Some basic
parameters guiding the optics design of PS2 are displayed
in Table 1. A proton beam with kinetic energy of 4 GeV
will be injected directly from the Super-Conducting Proton
Linac (SPL) [2], accelerated up to 50 GeV and extracted
towards either the SPS or a dedicated experimental area.
The LHC ion beams should be injected from the existing
ion complex. The injection and extraction energy choice is
driven from space charge tune-shift and instability consid-
erations in the PS2 and SPS [3]. The ring circumference is
fixed to 15/77 of the SPS circumference (2200pi) for better
filling and synchronization purposes [4]. After a detailed
analysis and review process [5], a lattice that avoids tran-
sition was considered as the preferred option. Several ver-
sions of Negative Momentum Compaction (NMC) lattices
aiming to low imaginary transition values were first con-
sidered [7, 8]. This was based on the need for fast syn-
chrotron motion to achieve the high energy longitudinal
manipulations necessary for the LHC bunch pattern pro-
duction, with an RF system similar to the one of the ac-
tual PS. Considering a pre-choped beam from the SPL with
the required bunch spacing and accelerated with a 40MHz
RF in the PS, relaxes the constraint on the transition en-
ergy which has still to be flexible allowing fast RF gym-
nastics. This option imposes a challenging large tunability
RF system for accelerating the ion beams as well, with RF
frequency range from below 20MHz up to 40 MHz. The
NMC arcs are filled with conventional dipoles not exceed-
ing 1.7 T and quadrupoles with pole tip fields below 1.2 T,
Parameter [unit] value
Injection kinetic energy [GeV] 4
Extraction kinetic energy [GeV] 50
Circumference [m] 1346.4
Transition energy [GeV] Imaginary
Maximum bending field [T] 1.7
Maximum quadrupole gradient [T/m] 17
Maximum beta functions [m] 60
Maximum dispersion function [m] 6
Minimum drift space for dipoles [m] 0.6
Minimum drift space for quads [m] 1.2
Table 1: Lattice constraints for the PS2.
at a radius of 70 mm. The beta functions and dispersion
should be kept below 60 and 6 m respectively to assure con-
formable geometrical aperture. Finally, and taking into ac-
count space constraints for correctors and instrumentation,
coil ends and vacuum equipments, the drift space around
quadrupoles is set to at least 1.2m and dipoles are separated
with a drift of 0.6m.
Figure 1: Horizontal (blue), vertical (red) beta functions
and dispersion (green) of the NMC module
PS2 RING OPTICS
The backbone of the NMC ring is the arc module whose
optics is shown in Fig. 1. The total length is 80m and five
of these cells form the arc. The design is based on a com-
bination of FODO cells and quadrupole doublets (in total
4 quadrupole families). The bending strength is varied be-
tween these two structures, in order to create a dispersion
oscillation. Imposing a negative dispersion at the entrance
of the module, drives the momentum compaction factor αc
to negative values. Three dipoles in the FODO part of the
NMC is the best choice for reducing dipole lengths to be-
low 4m, but the module gets slightly longer. The inclusion
of central bends in the middle of the cell has the advantage
of incre sing the dipole filling factor but also has an impact
on the final αc value, as this point is associated with high
positive dispersion. The best compromise was found by in-
cluding a single central bend. This module alone provides
a relatively low transition energy of γt = 26i. In order
to achieve low imaginary transition energies, focusing has
to be increased resulting to high phase advances especially
in the horizontal plane with µx = 267◦ and µy = 158◦.
The maximum betas and dispersion are kept below 55m
and 3m, respectively.
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Figure 2: Layout of the injection-extraction LSS (top) and
optics (bottom) for accommodating an injection scheme
with foil (left) or laser stripping (right).
The two long straight sections (LSS) will be filled with
RF cavities, injection and extraction elements. For the ring
to be integrated in the existing LHC injector complex, in-
jection and extraction will take place in the same straight
section. In consequence, the LSS has to be long enough
to accommodate the beam transfer systems and protection
equipment like dumps or even collimators [9]. On the top
of Fig. 2, the layout of the LSS is displayed. The different
systems enable the fast injection of the H− beam and its
stripping to protons and the fast, slow, and few turns low
loss extraction. The LSS is around 145m long, formed by a
series of FODO cells with 90◦ phase advance and a central
quadrupole triplet with a long drift to house the H− injec-
tion system. Two options are considered for stripping (foil
and laser) [10] with two optics alternatives, presented in the
bottom part of Fig. 2. In the usual stripping by foil option,
the width of the foil can be minimized by a mismatch of the
optics functions between the injected and circulating beam,
imposing βx,y ≈ 22.5m at the injection point (Fig. 2 bot-
tom, left) and injected beam beta of βx,y > 10 m. Consid-
ering laser stripping, the laser peak power is proportional to
the vertical beam size if the beam-laser interaction is hor-
izontal and an optics with minimum vertical beam size at
the waist is necessary (Fig. 2 bottom, right). This latest
optics is limited by the available aperture at the last two
triplet quadrupoles which in any case have to be enlarged
to accommodate the injected/extracted trajectories.
Figure 3: Horizontal (blue), vertical (red) beta functions
and dispersion (green) of the dispersion suppressor and
matching cell.
Figure 4: Horizontal (blue), vertical (red) beta functions
and dispersion (green) of the PS2 ring.
The link between the LSS and the NMC arcs is pro-
vided by dispersion suppressor and matching cells. The
dispersion suppression can be also achieved by fixing the
total phase advance of the arc to a multiple of 2pi [11] as
in the J-PARC main ring [12]. Although this option may
be attractive for having a compact arc and partial resonant
compensation, the dispersion is modulated leading to high
peaks in the central arc modules. This option also would
necessitate wide tuning flexibility of the LSS which is lim-
ited in the PS2 case by the beam transfer constraints. The
optics of the tuned cell can be found in Fig. 3. The first half
of the suppressor is similar to a NMC half module for zero-
ing dispersion and matching to the straight section optics.
Six independent quadrupole families are needed to achieve
the matching constraints, while keeping the maximum beta
functions to reasonable levels.
The optics functions for the whole ring can be found
in Fig. 4 for tunes of Qx = 13.25, Qy = 8.21 and tran-
sition energy of γt = 36i. The ring is composed of
166, 3.78m-long dipoles with 1.7T field at top energy, 132
quadrupoles in 17 families of 6 types with maximum gra-
dients of 18T/m. The natural chromaticities are not high
(ξx = −22 and ξy = −13) considering that dispersion is
large enough allowing efficient correction with low chro-
matic sextupole strengths.
The working point is chosen such as to avoid low or-
Figure 6.5: Optics of the current NMC standard module and suppressor.
The basic module with 80 m length shown in the left part of Fig 6.5 is the
backbone of the current NMC racetrack ring. Five of these modules build the
arc. In total there are 166 dipoles of 3.782 m length with a top field of 1.7 T.
The 132 quadrupoles are divided in 6 families of production units with lengths
between 0.6 and 2.8 m and 17 different families of power converters. Their
maximum gradient amounts to 18 T/m. The working point, the tunability, the
er or sensitivity and the chromatic prop rti s of this lattice are treated in detail
in th following chapte .
Chapter 7
Lattice Analysis
In the design process of a lattice several properties can be optimised in modular
form, for instance lowering the vertical beta function in the bending elements
to reduce the gap height and consequently save costs. This can be achieved by
optimising only the arc module while keeping a matched solution. Differences
in the optical functions at the change over to the dispersion suppressor need of
course investigation but this again can be done in a modular way.
Other examples for a modular change at the PS2 are the two different optics
for the H− injection where the optical functions at the outer quadrupoles of the
triplet were kept constant while the betatron function in the center was adapted
to the respective requirements.
However, some properties of the lattice need to be investigated on the whole
machine. Such global parameters are the tune, the closed orbit, the chromaticity
and the dynamic aperture. This chapter is focusing on studies analysing the
tunability, the orbit and chromaticity correction.
7.1 Working Point and Tunability
An important role in lattice design plays the working point. This ”point” denotes
the area in the tune diagram Qx/Qy the machine is designed for. The choice for
the working point is determined on the one hand by certain tunes the machine
has to reach in order to enable non linear extraction schemes, e.g. 3rd order slow
extraction and the low loss continuous transfer (4th order resonance) and on the
other hand by resonance stop-bands in the tune diagram. Regarding the stop-
bands the tune shift and tune spread from space charge forces need carefully
to be considered. Fig 7.1 illustrates space charge effects in the CPS Booster.
Due to the fact that the beam is bunched, the space charge does not only shift
the working point but also blow it up to a necktied shape in the tune diagram.
This spread shrinks rapidly with 1β2γ3 . For comparison the tune spread in Fig.
7.1 is shown for injection (yellow) and extraction (red) with stop-bands up to
3rd order. For PS2 two resonant extraction systems are planned, one at the 1/3
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Figure 7.1: Tune footprint of the PS booster at Cern [31]. The number of
protons is 1013, x = 80µradm, y = 27µradm. The injection energy is 80 MeV
and the extraction energy is 1.4 GeV.
integer tune to produce long spills for experiments directly from the PS2 beam
and one at the 1/4 integer tune for a low loss transfer of the LHC beam to the
SPS.
7.1.1 Non-linear resonances
The fraction of the nonlinear to the linear terms in the magnetic fields of an
accelerator is usually of the order of 10−3 to 10−4. However, driven by a resonant
condition these nonlinearities can cause considerable geometric aberrations [4].
Given that sextupoles build the major part of nonlinear elements in the lattice
due to the chromaticity correction scheme their effect on driving resonances will
be treated in the following. Starting from the vector potential for sextupoles
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Resonance Driving term Lattice Classification
Qx + 2Qy = l cos(Φx + 2Φy)
√
βxβy sum resonance
Qx − 2Qy = l cos(Φx − 2Φy)
√
βxβy difference resonance





3Qx = l cos(3Φx) β
3/2
x parametric resonance
Table 7.1: Resonances driven by sextupoles with their driving terms in first
order perturbation theory [4].
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where S(s) denotes to the effective sextupole strength. Transforming the beta-
















x S(s) [cos 3Φx + 3cosΦx] .(7.3)
with












J and φ are conjugate phase-space variables. From the perturbing potential V3
in 7.3 one can list the nonlinear resonances driven by sextupoles in first order
perturbation theory, see Table 7.1.
Fig. 7.3 shows the relevant sector of the tune diagram for PS2 with resonance
lines up to 3rd order. There is a distinction between random and systematic
resonances. If the integer l from Table 7.1 is an integer multiple of the superpe-
riodicity P of the lattice, each superperiod is contributing coherently additive
to the resonance strength. Sextupoles for chromaticity correction are usually
placed corresponding to the superperiodicity of the lattice, that is why the non-
linear resonances driven by sextupoles have to be studied carefully. In Fig. 7.1
systematic resonance lines are in red and random ones in blue. Solid and dashed
lines refer to normal and skew resonances. The lefthand side figure shows the
resonances for a superperiodicity of 2, the righthand side one for 3. Here it can
be seen that the vertical integer tune of 8 turns into a non-systematic resonance
for the higher superperiodicity at lower orders which increases the possible work-
ing point area. How to reach a higher superperiodicity? The machine layout
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can be changed from a racetrack to a triangular shape. All the consequences
need to be analysed according to the arguments given in Chapter 3 and Section
4.4.
Figure 7.2: Tune diagram with resonance lines up to 3rd order. Random res-
onances are in blue, systematic ones in red. Solid and dashed lines indicate
normal and skew errors, respectively. The lefthand figure is plotted for a super-
symmetry of 2, the righthand one for 3 [32].
7.1.2 FODO Tunability
For the FODO lattice the approach of resonance cancellation by Verdier [33] was
chosen. Here, the driving term of a harmonic oscillator driven by the nonlinear












where the resonance is defined by
nxQx + nyQy = integer |nx|+ |ny| = n (7.7)
and bn is the multipole coefficient of the magnetic field. For a sequence of iden-
tical cells this integral over the whole machine can be reduced to the calculation








If a machine’s sector, e.g. the arc, consists of Nc cells, the driving term can be
cancelled by chosing an appropriate combination of the horizontal and vertical
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1− cos[Nc(nxµx,c + nyµy,c)]
1− cos(nxµx,c + nyµy,c) = 0 (7.9)
The required relation for the phase advance is:
Nc(nxµx,c + nyµy,c) = 2kpi (7.10)
while the denominator must not be zero:
nxµx,c + nyµy,c 6= 2k′pi k, k′integer. (7.11)
These relations applied to the FODO lattice result in the phase advance per
cell of µx,c = 88.6o and µy,c = 72.1o. The optics of the FODO lattice at the
corresponding working point of Qx = 14.3 and Qy = 11.6 can be seen in the
Figures 5.4 and 5.5. The lattice can be tuned between the integer tunes 14 and
15 in the horizontal plane and the tunes 11 and 12 in the vertical plane without
significantly changing the optics functions.
7.1.3 NMC Tunability
In case of the NMC lattice the tunability is limited by the dispersion suppressor.
Since already for the working point optics the betatron functions are close to
the upper limit, the tune can be varied only within half an integer without
exceeding 60 m for βx and βy. The standard module in the arc has a large
tuning range without significant change in the optics, that is why certain peaks
in the suppressor at 4 places in the machine could be accepted if the aperture
is not affected. This depends on the local dispersion function at the betatron
peak places. In Fig. 7.3 the tune space area for the NMC lattice is shown with
resonance lines up to 3rd order on the left and distinct working point candidates
with resonances drawn up to 4th order on the right. The working point 13.3/8.2
(Qx/Qy) is close to a fourth order systematic resonance, also the horizontal
third integer resonance which is envisaged for the slow extraction appears to
be systematic. The working points 13.9/8.8 and 13.9/8.4 are advantageous
regarding the neighbouring resonances and they are still below the diagonal, see
Fig 7.1 for the expected tune spread shape. However, with the present design
of the basic module these points are difficult to reach without breaking the
limits and a new design starting from the basic module and afterwards adapting
the suppressor would be necessary. Since dynamic aperture studies including
sextupole components did not show any difference for the three working points
under consideration, the 13.3/8.2 area will be subject to a more detailed analysis
and therefore presents the actual working point.
7.2 Orbit Correction
Having control of the closed orbit in circular accelerators is indispensable for
several reasons. A large orbit distortion decreases the dynamic aperture and
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Figure 7.3: Tune space area with resonance lines up to 3rd order (left) and stud-
ied working points with resonances up to 4th order (right) for a supersymmetry
of two [32].
increases the requirements for the physical aperture. In colliders the luminosity
optimisation is affected by the orbit and also the background in experiments.
This section will handle the detection and control of closed orbit errors. The
distortion of the closed orbit is caused by field errors or misalignment of the
magnets. To quantify these errors, one starts at Equ. 2.18, the Hill’s equa-
tion for a momentum error. Here we can replace the driving term 1ρ
δp
p by the






where the negative sign applies to the horizontal plane and the positive sign to











cos[µy(σ)− µy(s)− piQy]dσ. (7.13)
y(s) describes the distortion of the closed orbit.
Assuming this orbit is measured in m locations around the machine, one can
write the measured closed orbit as a vector
~xm = (x1, ..., xm)t. (7.14)
Another vector contains the strengths of the orbit correction dipoles:
~yn = (y1, ..., yn). (7.15)
Their effect on the orbit is written as
~xr = A · ~y (7.16)
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where A is called the response matrix between corrector and orbit. An element





2 · sin(piQ) · cos(|µi − µj | − piQ) (7.17)
The goal of the correction algorithm is now to find a set of correctors ~y fulfilling
~xt = A · ~y + ~xm (7.18)
with ~xt being the target orbit which is in most cases but not necessarily a zero
vector (centered beam).
An orbit correction study for a given lattice can now be divided in three
main steps:
1. Placing of corrector dipoles and monitors
Good knowledge of the orbit is an essential precondition of the correction
scheme. A careful inspection of 7.13 reveals that the distortion caused by
a distinct dipole kick scales with
√
β(s) which implies to place monitors
at peaks of the beta function. Similarly the effect of this dipole kick is
proportional to the local beta function β(s) which gives correctors placed
at high beta functions a good lever.
In general this conditons correspond to positions in the lattice next to
quadrupoles. In order to avoid creating so called pi bumps a high number
of orbit measurements is highly recommended. Sets of a corrector dipole
and a beam position monitor (BPM) measuring in both planes should be
installed.
2. Error assignment
In order to test a p¨aper machinet¨o its sensitivity to alignment and field
errors, simulations with random errors are run. The assignment of these
errors is on the one hand taken from experience of usual alignment preci-
sion and reasonable field errors and on the other hand they can be used as
a specification after calculating the maximum acceptable orbit tolerance.
These values vary for different machines according their application. In
general it is not necessary to assign errors to all the elements since a
few errors dominate the orbit deviation, e.g. dipole tilt and fiel error and
quadrupole shifts. As soon as a random error distribution has been chosen
a sample of s¨hakenm¨achines can be prepared for the correction algorithm.
3. Correction algorithm
Different algorithms can be used for the correction, in case of PS2 a best
kick method with a preceding singular value decomposition (SVD) has
been chosen. This method is appropriate if the orbit distortion is charac-
terised by a few dominant errors [34].
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Figure 7.4: Basic cell of the FODO lattice with quadrupoles (red), dipoles
(blue), sextupoles (green), monitors(orange). The drifts before the quadrupoles
are longer to place a set of corrector dipole and beam position monitor there.
7.2.1 FODO Orbit Correction
Corrector and Monitor Positions
Fig. 7.4 shows the positions of correctors and monitors in the FODO cell. Every
quadrupole is equipped with a set of corrector and monitor, so in total there
are 58 horizontal and vertical corrector dipoles, respectively, and 116 monitors
measuring in both planes.
Figure 7.5: Trajectories of 30 simulated machines. The left figure shows the
horizontal plane, the right one the vertical plane, the distorted orbits are shown
in blue, the corrected ones in red.
7.2.2 NMC Orbit Correction
Corrector and Monitor Positions
Figures 7.7 and 7.8 illustrate the placement of the corrector dipoles and mon-
itors in the arc and the long straight section, respectively. Places of high beta
functions have been chosen according the arguments in the previous section. In
total there are 56 horizontal and 54 vertical correctors and 110 beam position
monitors. The corrector length is 30 cm while the monitors are 10 cm long.
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Figure 7.6: Histogram of the FODO orbit correction. The uncorrected machines




Rel. dipole field error ∆BL/Bρ 0.5 · 10−3 5.2 -
Trans. quadrupole shift DX, DY 0.2 mm 6.0 6.1
Long. dipole shift DS 0.3 mm 0.3 -
Dipole tilt (s-axis) DPSI 0.3 mrad - 3.5
Table 7.2: Error sensitivity of the FODO lattice for a sample of 50 machines
calculated at the tunes Qx = 14.27 and Qy = 11.30.
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Figure 7.7: Positions of correctors and monitors in the NMC standard arc mod-
ule (left) and in the dispersion suppressor (right). Horizontal correctors (black)
and vertical ones (red) are placed at the correspondent peaks of the horizon-
tal and vertical beta functions. Every corrector is equipped with a monitor
measuring in both planes.
Error Assignment
According to the experience of similar machines, the following error assignment
has been chosen:
• Misalignments
Dipoles: 0.3 mm shift and 0.3 mrad angle about all axes
Quadrupoles: 0.2 mm shift and 0.3 mrad angle about all axes
• Field errors
Dipoles: ∆BLBρ = 0.5 · 10−3
These errors are distributed by a gaussian with a cut-off at three sigma. In order
to get a feeling for the sensitivity to different errors a sample of 50 machines
has been run separately for four different errors, Table 7.3.
Correction
For the correction the CORRECT module in MADX was used with MICADO
as algorithm. 100 correctors out of 110 were randomly chosen and a failure of 5
% of the monitors was simulated. In general only one third of the total number
of correctors is necessary, however, different sets of them are in use. The orbit
is corrected by a factor of 25 with a resulting average maximum displacement
of ∼0.5 mm which is considered to be a reasonable orbit deviation for machine
operation. The obtained corrector kicks do not rise above 0.2 mrad which results






2 · 10−4rad = 1500m. (7.19)
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Rel. dipole field error ∆BL/Bρ 0.5 · 10−3 8.8 -
Trans. quadrupole shift DX, DY 0.2 mm 8.8 8.6
Long. dipole shift DS 0.3 mm 0.3 -
Dipole tilt (s-axis) DPSI 0.3 mrad - 5.4
Table 7.3: Error sensitivity of the NMC lattice for a sample of 50 machines
calculated at the tunes Qx = 13.25 and Qy = 8.21.
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Before correction After correction
Horizontal Vertical Horizontal Vertical
Av. of max. error in [mm] 13.56 11.63 0.54 0.43
Av. of rms error in [mm] 5.16 4.97 0.15 0.11
Table 7.4: Results of the orbit simulation before and after the correction, a
sample of 500 machines was used at the working point of Qx = 13.25 and
Qy = 8.21.







∼= 0.12 T. (7.20)
Since for the NMC lattice with its large number of quadrupoles space is always
an issue, the length of the correctors could be reduced by 10 cm if a margin of
up to 0.2 T for the magnetic field is considered.
Figures 7.9 and 7.10 show histograms of the simulations. The number of
machines are plotted against their corresponding range of mm before and after
the correction. The average values of table 7.4 are rendered with about 10 to
15 mm before and about 0.5 mm after correction in both planes.
Figure 7.9: Histograms of the NMC orbit in the horizontal plane before (left)
and after (right) correction. Note the different scales of the horizontal axis.
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Figure 7.10: Histograms of the NMC orbit in the vertical plane before (left) and
after (right) correction. Note the different scales of the horizontal axis.
7.3 Chromaticity Correction
Particles with different momenta have different momentum rigidities and thus
experience a momentum-dependent effective focusing strength in quadrupoles,
Fig. 7.11. The gradient error in first order can be expressed as [4]:
∆K ≈ K · ∆p
p
. (7.21)
The chromatic aberration has an effect on the tune which is used as a definition





Another consequence of the chromaticity is a change in the betatron amplitude,
the beta-beating. Regarding Fig. 7.11, compensation of the chromaticity can be
achieved by a magnet whose gradient varies linearly across its gap and changes
sign at the aperture center, i.e. focusing in one half of the aperture and defo-
cusing in the other half. This behaviour is given by a sextupole and therefore
a lens system of a quadrupole and a sextupole can be made achromatic in re-
gions of dispersion [3]. The complexity of such a correction scheme comes from
two facts, first, chromaticity in zero dispersion regions cannot be compensated
locally and second, sextupoles drive non-linear resonances, see Section 7.1.1.
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Figure 7.11: Chromatic effect in a focusing lattice element. The left figure refers
to the chromatic aberration in a dispersion free region (LSS), the right one to
a region with dispersion (arc) [3].
7.3.1 FODO Chromaticity
The natural chromaticity of the FODO lattice is ξx = −16 and ξy = −14.
Two families of sextupoles have been installed next to the quadrupoles, see Fig.
7.4. The effect on the optics is shown in Fig. 7.12. The naturally negative
Figure 7.12: Effect on the optics from the chromaticity sextupoles for positive
(left) and negative (right) momentum error.
chromaticity was corrected to the positive values of Q′/Q = 1 in both planes
with sextupole strength of kf = 0.50m−3 and kd = −0.74m−3.
7.3.2 NMC Chromaticity
In order to correct the chromatic effects of the lattice, i.e. different focussing
length for off-momentum particles, 7 sextupoles per module have been installed,
see Fig 7.13. The sextupoles are placed at positions with high betatron function
in the respective plane and maximum possible dispersion to minimize the neces-
sary sextupole strength for the correction. The natural chromaticity of the NMC
lattice is ξx = −22 and ξy = −13. The performance of the correction scheme
was tested with three setups. One consists only of the central sextupoles divided
into two families, the second connects all available sextupoles in two families
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Figure 7.13: Optics of the NMC arc module with the positions of four sextupole
families dedicated to chromaticity correction.
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and the third variant is using all sextupoles with four different power converter
families. Regarding the effect of powering sextupoles on the betatron functions,
the tune spread, second order chromaticity and the dynamic aperture there
are no issues ocurring for the working point studied. The differences between
the systems are negligible, that is why a straight forward two family system is




The PS2 is supposed to be equipped with two injection and three extraction
systems which are dedicated to different applications. For heavy ions a fast
injection is planned which can be used for protons as well. To accumulate
high-intensity particle beams, a charge exchange injection for H− from SPL
will be installed. A low loss continuous transfer extraction is foreseen in order
to fill the SPS with the high-intensity fixed target (FT) beam type. Further-
more, a straightforward exploitation of the extracted PS2 beam is intended in
a dedicated experimental area placed along a straight extension of the PS2-SPS
transfer line. Fixed target experiments will be fed with a long spill of protons
extracted from the PS2 by a slow 3rd integer extraction [35]. The LHC beam
type will be transported to the SPS via a fast extraction system.
8.2 Beam Transfer Requirements
In the following paragraphs the required systems with their energy range are
listed:
Injection
• Fast single-turn injection of ions at 1.3 GeV and of protons at 4 GeV.
• H− charge exchange injection of protons at 4 GeV.
Extraction
• Fast single-turn extraction of protons and ions at 50 GeV to fill the SPS
with the LHC beam type and between ∼20-50 GeV to dump the beam.
• Slow 3rd integer resonant extraction of protons between 20 and 50 GeV
for FT experiments in the PS2 experimental area.
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Protons Heavy Ions
Kin. Energy [GeV] 4.0 1.3
Bρ [Tm] 16.2 6.7
x,n [pi mm mrad] 9.0 0.7
y,n [pi mm mrad] 6.0 0.7
x,geo [pi mm mrad] 1.74 1.26
y,geo [pi mm mrad] 1.16 1.26
Table 8.1: Comparison of beam parameters of protons and ions for the fast
injection.
• Low-loss 5-turn tranfer of protons and ions at 50 GeV to fill the SPS with
the fixed target beam type.
Beam Dumps
• Fast single-turn emergency beam dump.
• Beam dump blocks in transfer lines as beam stopper and for setting-up
the beam transfer.
Beam Transfer lines
• Line for 1.3 GeV ions and 4 GeV proton and H− beams.
• Line PS2-SPS, for 50 GeV protons and ions.
• Line to an experimental area for 50 GeV protons.
8.3 Fast Injection and Extraction
The fast injection system at PS2 is foreseen mainly for the injection of heavy ions
with 1.3 GeV proton equivalent energy provided by LEIR over the PS but also
for protons at 4 GeV energy. The respective beam parameters are listed in Table
8.1. The fast injection layout consists of a septum and a kicker magnet system
around a defocusing quadrupole in case of injection in the horizontal plane.
Referring to the upper plot in Fig. 8.1, the beam to be injected (green) is passing
outside of the focusing quadrupole (orange) and entering two septum magnets of
1 m physical length, each of them deflecting the beam with an angle of 55 mrad.
The septum magnets will be outside of the vacuum avoiding issues caused by
the coil insulation. The peak magnetic field is ∼ 1 T with a repetition rate of
1 Hz limiting the maximum voltage to less than 1 kV. They can digest a beam
size of 75 mm horizontally and 90 mm vertically. After being deflected by the
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Figure 8.1: Fast injection in the horizontal plane (top) and vertical plane. Two
options for the kicker magnets are shown with two and four tanks [36].
septa, the injected beam enters the defocusing quadrupole whose kick supports
the deflection of the septa. The kicker magnets provide the final deflection to
bring the injected beam on the same orbit as the circulating one. Since kicker
magnets in contrary to septa affect also the circulating beam line, they have to
be powered such that their rise and fall time is synchronised with the intended
kicker gap in the bunch pattern. The required rise time for PS2 amounts to 100
ns. Another constraint on the kicker design comes from the maximum accepted
impedance. Two possibilities for the PS2 are considered [36], one with two tanks
inside the beam vacuum with a magnetic length per tank of 2 m and the second
one with four tanks outside the beam vacuum where a ceramic chamber with
metal stripes is used. The inside vacuum design allows to minimise the vertical
magnet aperture while the ceramic chamber design provides a strong impedance
reduction. In the latter case 15 mm of additional magnet aperture have to be
considered. Fig. 8.1 shows schematically the two designs.
The fast extraction is built of the same elements as the fast injection.
Though, the higher energy relaxes the aperture requirements at the septum.
The fast extraction will also be exploited by the beam dump system, that is
why extraction energies from roughly 20 GeV on have to be considered for the
design of the elements [37].
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8.4 Slow Extraction
For some applications, e.g. fixed target physics experiments or medical treat-
ment, a long spill of particles with a high duty factor is desired. This spill can
be achieved by peeling-off a high intensity beam by driving a small fraction of
the beam onto a non-linear betatron resonance. For PS2 sextupoles are used
to excite a third-integer resonance. The equation of motion for the particles
including a sextupole perturbation in normalised coordinates can be written as:
d2x
ds2
+Q2x = kx2cosnΦ (8.1)
with x denoting to the displacement from the equilibrium orbit, Q the tune,
Φ =
∫
ds/Qβ and k the sextupole strength. When the tune meets the resonance
condition Q=n/3, all particles become unstable. However, if the tune is chosen
to be slightly different from the resonant value, particles with small amplitude
oscillations remain stable. This stable area in phase space is shaped in form of









Here ∆Q gives the tune distance from the resonance tune and K¯s the normalised
sextupole strength. The oscillation amplitude of particles with tunes close to
the resonance is increasing due to the sextupolar perturbation of the equation
of motion. By placing a thin septum 120o + k · 120o in phase advance from the
occurrence of the sextupolar perturbation, the particles reach their maximum in
amplitude at the septum and will therefore see a deflecting field which increases
the amplitude further for a 90o + k · 180o later placed thin magnetic septum
to separate the resonant particles from the circulating beam. Fig. 8.3 shows
the set of extraction septa, first a very thin electrostatic septum (red) and the
magnetic septa, MS1 and MS2 (green). Fig. 8.2 shows the separatrices at the
electrostatic and the thin magnetic septum. The phase advance is optimised to
avoid having two separatrix branches at the septum position.
The MS2 septum extracts the beam very close to the downstream quadrupole
doublet, therefore it is necessary to extract the beam through the quadrupoles’
coil windows as it is done in the SPS. The main parameters of the septa and
bumpers are shown in Table 8.2.
8.5 Continuous Transfer
For the continuous transfer a fourth order resonance is excited to form 5 stable
islands which will be extracted over 5 turns [39]. Two bumps are involved, the
DC bump will move the 5 islands closer to the extraction septum while the fast
extraction kicker creates the necessary kick over 5 turns for the islands to be
brought onto the septum. The kickers have to be designed to provide the kick
for the outer islands and roughly double the strength for the central one.






























 Figure 8.2: The phase advance of 78o from the electrostatic to the magnetic
septum results in an optimum angle of the extracted separatrix of about 40o
with respect to the X axis, to optimise the clearances a and b [38].
Element k [mrad] E [kV/cm] or B [T] L [m] Thickness [mm]
ES 0.82 68 6.0 0.1
MS1 3.6 0.22 2.8 5
MS2 21.6 0.66 5.6 16
HB 2.1 0.72 0.5 -
Table 8.2: Main parameters of the extraction elements [38].































Figure 8.3: Layout of the slow extraction channel with tracked separatrices [38].
The quadrupoles next to the septa have enlarged apertures to accomplish the
increased beam dimensions.
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8.6 H− Injection
8.6.1 Introduction
Instead of a fast injection only over a single turn it is also possible to perform the
injection process over several turns, the so called multi turn injection. This type
of injection was used mainly in case of low current injector beams to accumulate
more particles than in a single turn. However, this process suffers from mainly
two disadvantages. First, the injection efficiency due to losses on the septum
is low and subsequently in case of high-intensity and high-energy beams the
radioprotection situation exacerbates. Second, as a consequence of Liouville’s
theorem, the local density in phase-space has to remain constant which means
that the emittance is increased by injecting over a lot of turns. The first injection
turn can be seen as a single fast injection which in case of matched betatron
optics between the injector and the receiving machine keeps the beam emittance
the same. From the second injection on, it is necessary to inject in another place
of the phase-space area since the local density in phase space is conserved. This
is done by means of an orbit bump which moves its height while the injection
process. This injections not centered in phase-space lead to an increase of the
resulting emittance compared to the injected beam emittance.
In 1963, Budker, Dimov and Dudnikov [40] came up with a new idea that
circumvents the Liouville limitation. By injecting another charge state into the
same phase-space area Liouville can be cheated and an increase of the phase-
space density is possible. Injecting H− ions with simultaneous charge exchange
to protons has become the state-of-the-art injection for high-intensity machines.
8.6.2 Charge Exchange by Foil Stripping
The trouble of the H− injection is the charge exchange. The H− ions consist of
a proton with two electrons, one bound with 13.6 eV in the ground state and the
second one loosely bound with 0.75 eV. The aim is to combine the circulating
proton beam with the injected beam and strip off the electrons. Usually a foil
is brought into the beam line in which the electrons are stripped off the protons
by scattering processes. Fig. 8.4 shows a sketch of the injection principle. Four
chicane dipoles (D1-D4) create a bump for the circulating beam.
A long ’soft’ D2 dipole merges the H− and circulating p+ beams, with a
stripping foil located in the fringe field at the exit. In order to avoid uncontrolled
losses by Lorentz stripping, the field in D2 must be kept below 0.13 T. The D3
chicane dipole is strong with B around 1.5 T. The position and strength of
these chicane dipoles are adjusted to close the dispersion bump. A second foil
between D3 and D4 converts unstripped H0 to protons to be extracted. Phase
space painting kickers can be located inside the straight section. At the stripping
foil, the stripping efficiency can be about 95% with a 400 µg/cm2 foil, Fig. 8.5.
A few percent of H0 emerges in excited quantum states which will decay to
protons in a magnetic field. The H− yield will be below 10−4, and this H− is
stripped to H0 in the first few mm of D3. With the foil located in the D2 fringe
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Figure 8.5: 4 GeV H− , H0 and p+ yield as a function of the carbon foil
thickness.
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field, a field of about 0.07 T will ensure that all states with n=5 and above are
immediately field-stripped at the foil, Fig. 8.6, increasing the effective stripping
efficiency. With the D3 chicane magnet field of 1.5 T, the n=1 state passes
through D3 unchanged and is stripped by a foil at the entrance to D4, and




Figure 5: Lifetime of excited H0 states in magnetic field. 
 
Figure 6. Excited state decay lengths in D3 fringe field. 
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Figure 8.6: Lifetime of excited H0 states in the magnetic field (left) and Excited
state decay lengths in D3 fringe field (right).
The state n=2 penetrates deep into the fringe field before stripping, Fig. 8.6,
which results in an angular spread of 0.8 to 3 mrad, Fig. 8.7. This would cause
halo which might need dedicated collimation. The n=3,4 states have angular
errors of up to 0.3 and 0.08 mrad; the n=4 state would therefore remain within
the machine acceptance. A reduction in the length of the D3 fringe field by a
factor of 5 with respect to that shown in Fig. 8.6 improves these angular spreads
significantly to about 0.3, 0.04 and 0.02 mrad respectively, Fig. 8.7. In this case
the n=2 state is the only one which would need more careful evaluation, since
the others would remain within the machine acceptance. The effect on halo and
emittance is to be evaluated in detail, as does the similar effect for decay of
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Figure 5: Lifetime of excited H0 states in magnetic field. 
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Figure 8.7: The left figure shows the angular spread due to the fringe field in
Fig. 8.6. On the right the angular spread for a fringe field length reduced by a
factor 5 is shown [41].
84 CHAPTER 8. INJECTION AND EXTRACTION
fringe field is not feasible an alternative is to reduce the D3 field to about
0.7 T, such that the n=2 states traverse without stripping, and so the waste
beam consists of the H0 states n=1,2 at D4. However, this would simply shift
the problem to the n=3 state, which would have a large angular spread - an
evaluation of the expected relative yields of the different states is still required to
be able to decide on the optimum arrangement. The H0 stripped at the second
foil are deflected outwards by D4 and need to be transported to an external
beam dump. This beam is also composed of the unstripped H− fraction, which
is normally expected to be very small, but also contains any H− which have
missed the foil for any reason. This is more intricate to evaluate in percentage
terms, since it depends on the details of the operational setup and also on any
local damage or changes to the foil size, which could evolve during operation.
It is therefore assumed that this fraction could reach a few percent, comparable
with the unstripped H0 and requiring similar consideration. Since the H− is
stripped to H0 in the first part of D3, an increase in the angular beam spread
will also be present - although in this case larger values are probably acceptable
since the beam must only be transported through a short line to a beam dump.
8.6.3 Beam Loss Control for the H− Injection
This section is dedicated to the emittance growth and losses expected for the
foil stripping system, in particular at the specific locations shown in Fig. 8.8.
It should be mentioned that laser assisted stripping [2] may offer an attractive
alternative with lower beam loss and without the need for a delicate and ra-
dioactive stripping foil system. The following sections will address the different
scattering processes with their resulting loss rates and/or emittance growths
and the emittance growth and losses due to stripping of different excited states
in the fringe fields of the chicane magnets.
Foil Stripping Efficiency
The stripping efficiency, the absolute yield of H0 and unstripped H− and the
yield of the different H0 excited states depend on the foil thickness and the
incident ion energy. Some semi-empirical treatments exist, e.g. [3] which have
been adjusted to give reasonable agreement with measured cross-sections at 200
and 800 MeV which can be scaled to the energies of interest here. The different
charge state yields can be written as:
y−(x) = e−ρ(σ−0=σ−+)x, (8.3)
y0(x) =
σ−0
σ−0 + σ−+ − σ0+x · e
−ρσ0+x + e−ρ(σ0++σ−+x, (8.4)
y+(x) = 1− y−(x)− y0(x), (8.5)
where x is the foil thickness (µg/cm2), ρ is the material density in atoms per
µg, i.e. ρ = 1 ·10−6 NA / Z, and σ−0, σ−+ and σ0+ are the cross sections in cm2
for the different stripping processes. The cross-sections used were [·10−19cm2]
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Figure 8.8: Critical points where emittance growth is caused due to scattering
or fringe field deflection.
σ−0= 4.97, σ−+ = 0.09 and σ0+ = 1.94. For a carbon foil with 400 µg/cm2 a
stripping efficiency of 97% percent is expected. 3% of the beam escapes from
the foil as H0 of which ∼ 46% occupy the ground state and with decreasing
probabilities also higher energy level states as illustrated in Fig. 8.9. The field
of the D3 chicane magnet is chosen to assure the stripping of excited states
with n > 1 within the first mm of the fringe field. Fig. 4 shows the lifetime
of the excited states with indicated B field of D2 and D3. Between D3 and
D4 a second, thicker, stripping foil is placed. Here, any remaining H− and the
H0 in ground state will be stripped to protons and deflected outwards by the
D4 chicane magnet into a dump line.
Foil Scattering
Three scattering processes have been investigated for a carbon foil.
Inelastic nuclear scattering: The attenuation N(L)/N0 = e−L/λi for pro-
tons in the carbon foil is characterised by the ratio foil thickness (L) to inelastic
interaction length (λi) for protons at 4 GeV. Since the foil thickness is of the
order of µ m and the interaction length ∼ 50cm, the inelastic nuclear scattering
process is negligible.
Elastic nuclear scattering: The interaction length for nuclear elastic scat-
tering (λe) is of the order of ∼1.4 m. The angle from a single scattering process
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Figure 8.9: Fraction of excited H0 states of total beam.











where A denotes the atomic number and p the momentum of the scattering
particles in GeV/c. This results in an rms angle of 21 mrad. The probability















The total angle after n scattering events is distributed about
√
nΘel. The proba-
bility for one scattering event is ∼ 1·10−6, for two events ∼ 1·10−13 and strongly
decreasing for higher numbers of events. Considering the single scattering an-
gle to be Gaussian distributed, the superposition of the angle distributions for
higher numbers of scattering processes does not deviate the initial Gaussian. So
the rms value is taken to calculate the resulting emittance growth for the elastic
scattered particles.
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with p in GeV the momentum, β c the velocity and z the charge state of the
incoming particles. x/X0 denotes the thickness of the foil in radiation length.
For a foil of 1.7 µm thickness the rms scattering angle results in 0.007 mrad. The
second foil creates an angle of 0.025 mrad. The absolut normalised emittance





The corresponding emittance growth for the thin foil amounts to 0.0012 and
0.0031 pi ·mm ·mrad for the second foil.
Fringe Field Deflection
The yield for H− emerging the first stripping foil with 400 µg/cm2 is about
1 · 10−4. However, it is assumed that the total H− fraction can be as high as
2%, to take into account for possible local foil damage and beam missing the
foil. Entering the D3 magnet the H− ions are deflected in the opposite direction
to the fully stripped protons until they are Lorentz stripped to H0 . The rest





where E = βcγB the transverse electric field. The coefficients are A1 =
2.47 · 10−6 Vs/m and A2 = 4.49 · 109 V/m. The rms angular spread for the
H− stripped in the 1.6 T D3 field was numerically calculated at 0.065 mrad
using a simulated fringe field and the field-dependant lifetime. The emittance
growth amounts to 0.25 pi ·mm ·mrad for the waste H− to H0 beam.
Thickness of 2nd Foil
The second foil placed between D3 and D4 aims at stripping all the
H0 originating from H− that might have missed the first foil, and the H0 in
the ground state which pass the D3 field without stripping. The thickness of
this foil needs to be optimised to minimise the beam loss while controlling emit-
tance increase from scattering. Any H0 after the foil have to be regarded as
uncontrolled losses. An emittance increase determines the acceptance of the
dump line and might give rise to uncontrolled losses from large angle scattering.
The total beam loss from stripping inefficiency and nuclear scattering was cal-
culated for 4 GeV ions and a carbon foil, Fig.8.10. The optimum foil thickness
is at about 1500 µg/cm2, where the emittance growth from multiple Coulomb
scattering is calculated to be about 0.003 pi ·mm ·mrad.
Summary of Losses and Emittance Growths
The expected loss levels and emittance growths, for the circulating and different
waste beams, is given in Table 8.3. In Fig. 8.11 the flow of the particle types
through the elements in the H− injection line is illustrated [43]. The respective
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Figure 8.10: Total beam loss from stripping inefficiency and scattering. The
optimum foil thickness is 1500 µg/cm2.
Uncontrolled ∆ of waste ∆ of circulating
losses beam [µ m] beam [µ m]
D2 0.05% - -
H− stripped
1st foil 6 · 10−6% 0.001 0.001
IES+ES MCS MCS
D2 fringe field - - 1.3
H0∗(n > 4) to p+
D3 fringe field - 0.25 523
H− to H0 H0∗ to p+
2nd foil 3 · 10−9% 0.003 -
H0 +IES+ES MCS
Table 8.3: Values for loss levels and emittance growths at the critical points.
(I)ES stands for (in)elastic nuclear scattering and MCS for multiple Coulomb
scattering.







































Figure 8.11: Particle flow through the H− injection line.
loss levels and emittance growth are drawn within the location area where they
are caused. There are 3.5% of the total injected particles considered for the
dump in case H− are missing the foil due to e.g. foil damage.
8.6.4 Charge Exchange by Laser-Assisted Magnet Strip-
ping
Foil stripping is currently the common way of charge exchange for the
H− injection. Though, limitations lead to the investigation of alternatives.
Firstly, for high beam power the foil damage by the circulating beam presents
a serious issue. Secondly, uncontrolled beam loss due to scattering processes as
shown in the section above gives rise to consider ”cleaner” ways of stripping off
the electrons. An interesting alternative to the foil consists of a laser-magnet
system where laser photons excite H0 to quantum states H0 ∗ which can be
stripped in a strong magnetic field [44]. For PS2 a combined system of foil and
laser stripping is foreseen, Fig. 8.12. The laser system can be divided in two
sectors, the first one is dedicated to the neutralisation of the H− ions to H0 . In
the second one, the H0 are excited and stripped to protons.
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Figure 8.12: Combined foil-laser schemes. After the soft D2 chicane dipole a
wiggler magnet for neutralisation is shown followed by the divergent laser beam
responsible for excitation of the H0 . The waste beam is totally stripped in the
thick foil after D3 and bent to the opposite direction of the circulating protons
to a dump block.
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Neutralisation of H− to H0
Two variants for stripping off the outer electron are in consideration. One
system uses a wiggler magnet with
∫
B · dl = 0 and Lorentz stripping, the
second possibility is photo-dissociation with a high-power laser. Both variants
have in common that the injected H− and the circulating proton beam are
merged in the soft chicane dipole D2. The field of D2 is kept low so as to avoid
Lorentz stripping.
After D2, in case of the first option, a wiggler magnet is installed to strip
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Figure 8.13: The left figure shows the H− neutralisation with a wiggler magnet,
while on the right the neutralisation is done by a laser beam [45].
the vertical plane omitting any angular spread from fringe field stripping in the
horizontal plane which would increase the laser power required, see section 8.6.3.
The emittance growth in the vertical plane is depending on the wiggler’s field
strength. According to equations 8.9 and 8.10 the peak wiggler field has to be at
least 0.6 T in order not to exceed an emittance growth of 1-2 pi ·mm ·mrad [45].
For the second option, a high-power laser is employed to neutralise the
H− ions. This solution avoids the issues of emittance growth and the design
of a wiggler magnet but the required laser power needs to be studied carefully.







where El, λ and σls are the laser pulse energy, wavelength and micro pulse
length. σbz is the vertical interaction region size and Θ the intersection angle,
see Fig. 8.13. Σ0 is the cross section for photodissociation of the H− ion taken
from [47]. The laser micro-pulse energy required to reach a 99% efficiency of
stripping is shown in Fig. 8.14 in dependence of the intersection angle. The
local minimum of 140o incidence angle corresponds to a micro-pulse energy of
60 mJ. Even in case of photon recycling which could reduce the laser power by a
factor of 100, the laser macro-pulse energies are very large, Em = frf · τinj ·Eµ
results in 21 J for frf=352 MHz and τinj=1 ms.
Resonances in the H− photodissociation can be used to decrease the laser
power. The Feshbach resonance at 113.49 nm has a high cross section of
1.4 · 10−15cm2, however, the width of this line ∆λ/λ is only about 5.2·10−6.
Thus, with the beam Doppler spread of about 2·10−3 most of the photon-ion
interaction would not be on this resonance. An n=2 shape resonance at 112.95
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Figure 8.14: Laser micro pulse energy required for 99% neutralisation as a
function of the incidence angle [45].
nm, generating an already excited H0 by ~ω + H− → H(n=2) + e−, has a
lower cross-section than the Feshbach resonance with 9.8·10−17cm2. But the
linewidth of this resonance is much larger with 1.8·10−4, already close to the
beam Doppler spread. The required laser micro-pulse length amounts to 2.8
mJ. The H0 being already in state n=2 can be excited to higher states taking
advantage of their longer lifetimes for spontaneous decay and in addition shorter
lifetime for Lorentz stripping to protons in a magnetic field.
Stripping of H0 to Protons
In order to strip the H0 to protons, again two different schemes are under
study. The first option, tested experimentally at SNS [44, 48], uses resonant
extraction in a field-free region followed by Lorentz-stripping in a magnet, Fig.
8.15. Doppler broadening caused by the beam momentum spread leads to a large
spread of resonance frequencies. To achieve population inversion to the excited
state, the laser frequency has to be swept across the resonance, called Adiabatic
Rapid Passage. The frequency sweep is realised by imposing a divergent laser
beam in the interaction region which results in a variation of the incidence angle
and thereby the frequency [48]:
ω0 = γ(1 + βcosα)ω (8.12)
where ω0 and ω are the laser frequency in the H0 atomic rest frame and in the
laboratory frame, respectively. α denotes to the incidence angle between the
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Figure 8.15: Resonant excitation in a field-free region followed by field stripping
in a magnet [45].
laser and H0 beam. The line widths of the laser frequency and the beam Doppler
spread differ by a factor 105 − 106 which causes a high laser power required to





with δ << 1 is the ratio of unexcited to excited atoms, 2h the vertical beam
size, ω the laser frequency in the laboratory frame, κ ≈ 6∆λ/λ the full relative
frequency change, τl ≈ 50ps the laser micropulse duration and µ1n the dipole
transition coefficient. Eq. 8.13 shows that the laser energy is proportional to the
spread of upper level frequencies and the vertical beam size and there is a strong
dependence on the dipole transition coefficients. Resulting values for the energy
are 360 and 92 µJ for the n=2 and n=3 states, respectively. To reduce the laser
power, several possibilities have been suggested, ordered to their importance by
Danilov e.a. [48]:
1. Matching of the laser to the atom’s beam pulse time.
2. Introducing of a dispersion derivative to reduce the Doppler broadening
of the absorption line.
3. Photon recycling.
4. Reduction of the ion bunch length.
5. Reduction of the vertical beam size (if interaction is in the horizontal
plane).
6. Reduction of the horizontal angular spread of the ion beam.
The relevance of these points for the PS2 injection will be discussed in the
following. The laser pulse time pattern will be synchronised to the ion bunch
structure via a mode-locking system where the laser macro pulses have to follow
94 CHAPTER 8. INJECTION AND EXTRACTION
the ion beam repetition rate and the micro-pulses the bunch pattern. The
second point, to provide a correlated interaction angle with momentum in order
to compensate for the Doppler broadening seems delicate in case of PS2 since
the emittance growth would be large. According to the acceptable increase
of emittance, the tolerable dispersion derivative mismatch for PS2 is ∼0.02
rad while 2.0 rad would be needed to cancel the Doppler broadening. Photon
recycling is foreseen by using an optical cavity. Q values between 100 and
1000 look feasible. The reduction of the ion bunch length goes together with
an increase in the momentum spread. If the latter cannot be compensated
by tailoring of the dispersion function a trade-off between reduction of the ion
bunch length and increase of the momentum spread needs to be found [37]. In
order to reduce the vertical beam size in the interaction region an optics solution
for laser stripping has been calculated, see Section 8.7. Reduction of the ion








Evaluation of this formula gives for a fixed value of α no big difference for β
from 10 m upwards, while α should be kept below 0.5 - 1.0 rad. The excited
H0 will be stripped to protons in a strong magnet, which causes emittance
growth depending on the quantum state, the peak magnetic field and the atoms’
momentum. The emittance error has been calculated according to Section 8.6.3.
The n=3 state gives an error of 2-4 µm for a magnetic field of 1 T, see Fig.
8.16. These rather large values demand careful design of the fringe fields for the
chicane dipoles.
The second option for stripping H0 to protons is excitation and stripping in a
high field region [49]. Here the interaction region between laser beam and H0 is
placed inside a magnet which results in large Stark broadening of the transition
and thereby a possible overlap of the Doppler broadening. The required micro-
pulse energy of the laser is slightly higher than for the above described cases,
the bigger problem, however, is the length of the interaction region of about
0.5 m. This leads to a large angle between the circulating and injected protons
leaving the design of the injection geometry intricate.
8.7 Injection/Extraction Concept
8.7.1 Constraints for the Whole Insertion
The PS2 designed as a race track shape machine provides a long straight section
(LSS) with zero dispersion for the accomodation of the beam transfer systems,
beam dump systems, collimation and RF systems. One LSS is dedicated to
beam transfer and the beam dump system, the other one will house the RF
system and collimation. All these systems have constraints which need to be
incorporated into the design of the whole LSS. In the following the constraints
will be listed for the injection/extraction apart from the H− injection.
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Figure 8.16: Normalised emittance growth for different H0 ∗ quantum states as
a function of the peak magnetic field [45].
• The kicker and septa of the fast injection cover one FODO cell and should
be placed around a defocusing quadrupole.
• The electrostatic septum of the slow extraction needs to be placed 90o+k ·
180o in front of the magnetic extraction septum.
• For the extraction region two bumps have to be created, a slow DC bump
used for all extraction systems and a fast bump which provides the kicks
for the 5 islands of the muliturn 4th order resonance extraction. The fast
bump kickers of the length of about half a FODO cell should be placed
with a distance of k · 180o in phase advance.
• The beam dump system considered to be in the vertical plane should be
placed around a focusing quadrupole.
• The phase advance between primary collimators and secondary collimators
should be 150o [50]; this area will be highly radioactive, so all the elements
within or right after the collimation region need shielding.
The H− injection is the most challenging system and therefore it will dictate the
optics design of the LSS. Its constraints gave rise to change the LSS design from
a pure FODO to a FODO - TRIPLET - FODO structure in order to have a
long free drift to house the complete H− injection. The optics requirements for
foil and laser stripping are partially contradictory, so two solutions have been
calculated.
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Figure 8.17: Injection/Extraction concept for six FODO cells using the disper-
sion suppressor in case of the FODO lattice.
8.7.2 FODO Insertion Concept
One option for the injection/extraction straight is a regular FODO lattice with
a phase advance of 90 deg per cell. The dispersion is suppressed below 20
cm while the betatron functions stay the same as in the arc, Fig. 5.5. Fig.
8.17 shows the beam transfer concept in a 6 cell FODO lattice. Here, the two
injection systems are placed in the left and the three extraction schemes on the
right where the extraction kicker is placed in the FODO dispersion suppressor.
The beam dump is not considered in this concept.
An improved design with 7 cells per LSS allows to house all the elements
without employing the dispersion suppressor, which facilitates to use this LSS
also in case of the NMC arc where no space in the dispersion suppressor is
available, Fig. 8.18. The design of the H− injection in one and a half FODO
cells is shown in Fig. 8.19. One half cell contains an array of septa bending
the injected H− onto the orbit. The limit of about 7 mrad per meter for the
bending radius due to Lorentz stripping is critical for an available drift length of
10 m, see Fig. 8.20. Another issue is the handling of the waste beam line after
the foil. Unstripped H− and partially stripped H0 are deflected differently in
the two chicane dipoles and the quadrupole after the foil. The space constraints
for septa, the chicane and the dump line, the waste beam handling and the lack
of space for a laser scheme in this layout lead to an iteration of the whole LSS
design.
8.7.3 Triplet Insertion Concept
The idea of replacing two FODO cells in the centre by a triplet structure which
provides a long drift space was adapted from the concept by Johnson for the
H− injection at Fermilab [51]. The foil optics is matched to optimum injection
parameters with minimisation of the foil width. The following conditions are
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Figure 8.18: Injection/Extraction concept for seven FODO cells applicable to
both lattice variants.
produce the 23 mm injection bump. The third contains the 
septum to extract the H- and H0 beams. Sub-system 
parameters are shown in Table 3. The beam must pass at 
an amplitude of about 60 mm through the aperture of the 
two quadrupoles either side of the injection chicane, 
which at injection energy presents no problem in regard to 
the H- beam lifetime. The dispersion at the foil needs to 
be ≤10 cm to decouple the transverse and longitudinal 
painting processes. The small emittances result in high p+ 
densities on the stripping foil and high temperature rise of 
over 1400 K, shown in Fig. 2 for anti-correlated painting. 
The average number of foil traversals per proton is ~20; 
this produces emittance growth from multiple Coulomb 
scattering of <0.1 π.mm.mrad, and a beam loss of <0.02% 
from inelastic nuclear interactions. The foi  cools to 
ambient temperature in the 2.4 s between injections. 
Other important issues which require study are the 
space charge effects during injection, longitudinal 


















































Figure 2. Carbon stripping foil temperature rise [K] for 
injection of 1.5 × 1014 p+ over 270 turns. 
Table 3: H- injection sub-system parameters 
Injection septum angle mrad 72 
Injection septum field  T 0.14 
Injection septum thickness mm 5 
H-/H0 dump septum angle mrad 60 
H-/H0 dump septum field T 1.4 
H-/H0 dump septum width mm 5 
Chicane dipole angle  mrad 9 
Chicane dipole field  T 0.14 
Carbon stripping foil thickness μg/cm2 500 
EXTRACTION SYSTEMS 
Fast Single Turn Extraction 
A classical fast extraction system (orbit bump, septum, 
fast kicker) is needed as principal extraction system. The 
system has to be designed for variable extraction energies 
up to 50 GeV. The vertical beam size at 50 GeV is ±8 mm 
(±3 σ). Three different septum thicknesses are assumed, 
for compatibility with the slow extraction, Tab. 4. 
Table 4: Fast extraction sub-system parameters 
Kicker angle mrad 1.6 
Kicker pulse length μs 4.2 
Kicker rise time ns 150 
Kicker field T 0.05 
Orbit bumper angle (max) mrad 1.6 
Orbit bumper field T 0.9 
Septum angle (#1/2/3) mrad 40 
Septum thickness (#1/2/3) mm 5/15/30 
Septum field (#1/2/3) T 0.14/0.7/1.4 
3rd Integer Resonant (Slow) Extraction 
The slow extraction is based on a classical 1/3 integer 
scheme, using an electrostatic (ES) and several DC 
magnetic septa. The system should allow spills of around 
one second. The jumps across the ES on the separatrix are 
assumed to be in the range 10-15 mm, allowing an ES gap 
of 17-20 mm. A series of 3 septa with increasing 
thickness and strength can give an extraction angle of 
about 40 mrad. The septa and bumpers are assumed to be 
common to the fast extraction, above: the parameters of 
the other elements are given in Table 5. Passive shielding 
will be needed downstream of the extraction. 
Table 5: Slow extraction sub-system parameters 
Electrostatic septum angle mrad 1.2 
Electrostatic septum field kV/cm 100 
Electrostatic septum thickness mm 0.1 
Sextupole gradient T/m2 ~150 
Low-Loss 5-Turn Continuous Transfer 
The 5-turn continuous transfer extraction fills the SPS 
with a single extraction from the PS2. It will use non-
linear fields to capture beam in stable islands to produce a 
physical separation at the entrance of the extraction 
septum, as proposed for the CERN PS [3]. Extraction 
takes place at a quarter-integer tune. Two kicker systems 
are needed; one produces a closed bump over the first 4 
turns to extract the outer islands, with a second extraction 
kicker to extract the central island. The parameters of the 
kickers and septa are assumed to be similar to those 
described for the fast extraction system, with the addition 
of 2 kickers with similar deflection to produce the closed 
bump over 5 turns or 21 μs. Dedicated octupole magnets 
will also be required, in addition to sextupoles (which 
may be common to the slow extraction). Compensation of 
the slightly different 5th turn extraction trajectory may be 
required, with a smaller kicker unit in the transfer line. 
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Figure 8.19: H− injection placed in one and a half FODO cells.
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Figure 8.20: Injection of H− in one FODO halfcell with the limited bending
radius due to Lorentz stripping.






















where i and r indicate the optics parameters for the injected beam and the ring,
respectively. For the PS2 injection we have i ≈ 1µrad, and r ≈ 10− 15µrad,
in both horizontal and vertical planes. Assuming in the triplet insertion that
the slope of the beta function in the injection region is small, we have α ≈ 0 and
x′ ≈ 0. A βxy of at least 10 m is needed for the injected beam as a minimum
possible from the first estimates of foil heating. This gives the parameters
αxy ≈ 0, βxy ≈ 22.5m for the machine. The preferred location of the foil is at
the injection straight centre where αxy = 0.
In case of the laser optics the vertical beam size needs to be minimized since
it contributes linearly to the laser power required, see Eq. 8.13.
For the matching of the optical functions the three quadrupoles next to the
centre of the LSS have been employed without changing the optics in the two
FODO lattices. The minimum of the vertical betatron function in the centre
was lowered just to the extent that the betatron peaks of the triplet optics do
not exceed 60 m.
The arrangement of the main magnets in this LSS layout allows to place the
entire H− injection inside the long triplet drift, see Fig. 8.22. The fast injection
is placed in the last FODO cell downstream around a defocusing quadrupole.
The vertical beam dump is arranged right after the H− injection around a
focusing quadrupole. In the extraction region the phase advance between the
electrostatic septum (ES) and the magnetic septum (MS) has been chosen to 90o.
The kickers ExtK and MTEBK build a 2pi orbit bump, which is supported by
the small trim kicker MTEBKT. These kickers are responsible for the extraction
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Figure 8.21: Optics of the LSS for the foil stripping scheme (left) and the laser
stripping scheme (right).
Figure 8.22: Triplet insertion concept with kicker magnets in yellow, magnetic
septa in green, electrostatic septum in red and enlarged quadrupoles in purple.
kick of the 5 islands of the low-loss continuous transfer. 5 bump magnets of 0.5 m
length, indicated as red vertical lines, build the DC bump used for all extraction
schemes. The quadrupoles in purple are considered to have enlarged apertures.
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Chapter 9
Conclusion
The Proton Synchrotron PS2 is one of the foreseen accelerators for the LHC
injector upgrade. This upgrade aims first at increasing the instantaneous lumi-
nosity of LHC and second at providing a reliable beam for the CERN accelerator
complex. From this aspect the main characteristics of the PS2 are high reliabil-
ity and high intensity.
The goal of this thesis was the design of the machine’s lattice and injec-
tion/extraction systems meeting the constraints coming mainly from the LHC
beam type but also from beam requirements of experiments at the PS2 and the
SPS.
A general approach to lattice design is given in Chapter 3. A lattice de-
sign strategy dedicated to PS2 is presented in Chapter 4 which represents a
leitmotif through the studies done in this thesis. The Chapters 5 and 6 show
results on the design of a FODO lattice with transition crossing and an NMC
lattice avoiding transition. For the FODO lattice a transition jump scheme
was designed which reduces the time particles spend near transition, in order
to avoid the effect of intensity limiting instabilities. Section 7 is dedicated to
the analysis of both lattice variants. FODO and NMC are compared according
to their tunability, their sensitivity to field errors and misalignments of lattice
elements and their chromatic aberrations. In Chapter 8 the five beam transfer
systems are explained and a concept of the injection/extraction long straight
section housing these systems is introduced.
As heralded in Chapter 4, this conclusion presents a preference for one lattice
version on the basis of the results shown in the previous chapters.
The decision between FODO and NMC lattice concentrates on the question if
transition shall be crossed or avoided. Section 5.3 presents the study undertaken
as a basis for decision-making. From the experience with transition crossing
in the PS, beam parameters were scaled to the PS2 and respective values for
the height and time of a transition jump presented. Two RF systems were
distinguished for the different beam types. With reasonable reduction of the
PS2 impedance compared to that of the PS, a transition jump looks feasible
for all beam types but one, the 10 MHz nTOF beam. The required jump
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height for this beam is ∼7: roughly a factor 6 reduction of the PS2 impedance
compared to that of the PS would be needed to enter a regime of reasonable
jump heights of ∆γt <2. Such a low impedance is considered to be tremendously
challenging [53]. From the point of possible transition jumps the 40 MHz system
is therefore preferable.
Beyond that, the choice of the RF system between a 10 and 40 MHz has
an important influence on the value of γt itself due to longitudinal gymnastics.
For reasons of performing bunch manipulations adiabatically in the low energy
regime, the value of γt is limited in the case of a 10 MHz system to not exceed
10 in real or imaginary units. However, in case of a 40 MHz system the SPL
chopper can be used to avoid the low energy longitudinal gymnastics and thus
the value of γt is adjustable. This has a big influence on the design of an NMC
lattice. Higher imaginary values of γt demand less strong excursions of the
dispersion function and consequently also the betatron functions. Thereby it
was possible to design an NMC lattice for a 40 MHz RF system within the
aperture limitations imposed.
Apart from the transition crossing perspective, the concinnity of the FODO
lattice competes with the complexity of the NMC.
According to the families of quadrupoles, the FODO uses 2 length types and
4 power converter families. The NMC has 5 different length and 17 power con-
verter families. Here, not only the cost argument counts but also the complexity
in operation of the machine. By the well-understood behaviour of its optics the
FODO lattice facilitates a fast change of beam parameters in operation and for
upgrade studies. Furthermore, the regular allocation of focusing elements in a
FODO structure allows to place elements for beam instrumentation, orbit and
chromaticity correction in a straightforward manner.
Compared to the NMC the focusing efficiency of the FODO cell provides
longer empty drift spaces between the elements which can be used to house
instrumentation and steering elements.
Nevertheless, the behaviour of instabilities at transition remains complicated
and is not completely understood even after 50 years of PS operation. Coming
back to one of the main requirements of PS2 - delivering high-intensity beams
- the chance of omitting transition issues, strongly depending on the intensity
in the NMC, outweighs the advantages of a well-balanced FODO lattice. The
NMC lattice is therefore the preferred option.
A concept for the injection and extraction systems has been studied in paral-
lel to the lattice design. Designing these systems at an early stage is essential for
dividing the whole machine in sectors used for bending, beam transfer, accelera-
tion, collimation and emergency systems. The fact that PS2 is integrated in an
existing accelerator complex gave rise to the design of one long straight section
housing all beam transfer systems leading to a race track shaped machine. An
originally studied 7-cell FODO structure for this straight allows to place all the
systems, however, the most challenging one, the H− injection set the course for
replacing two of the FODO cells in the center by a split triplet. The advan-
tage of this long straight section lattice is a long drift space housing the whole
H− injection and the flexibility in matching the optics to the requirements of
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both, foil stripping and laser-assisted magnet stripping.
The constraints coming from all the beam transfer systems were collected and
the fast injection, the fast extraction, the slow third integer resonant extraction
and the low-loss continuous transfer system were integrated by minimising the
number of kicker and septum elements. The design of the H− injection has been
studied in detail, in particular the concept of a combined scheme for foil- and
laser-stripping as well as the particle flow containing beams of H− , H0 in the
ground and excited states and protons through this line have been elucidated.
The studies performed in this thesis led to design choices of the machine’s
shape, cell structure, transition energy, drift space allocations, the working point
and to a thorough understanding of the factors relevant to the choices made.
Design of injection and extraction systems and their integration in the lattice
with optimisation of the lattice optics contributed to the overall machine con-
cept. Analysing studies concerning the tunability, the orbit and chromaticity
behaviour of the lattice gave rise to further improvements of the machine de-
sign.
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